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Abstract

This report finishes the work supported by the Office of Naval Research as cited in
the acknowledgement. In particular it indicates the numerical and practical feasibility
ot the tableau approach to multifrequency fault diagnosis previously introduced in

* reference [1]. The first chapter presents a 26 component fault diagnosis example
based on a linearized model of a video amplifier circuit. The diagnosis of the example
circuit depends on the solution of the Tableau Fault Diagnosis Equations. The
development of the equations as well as a solution technique are the subject of an

* earlier report (see reference [1)). Chapter 2 investigates the properties of the tableau
fault diagnosis equations under the assumption that the number of simultaneous

- - faults in a system under test is limited. The approach employs multifrequency testing
to extract a maximum of information from a given set of test points. The analysis

-~ specifically addresses the case in which the number of faulty components exceeds the
number of measurement points. The development includes a detailed description of

* the solution algorithm. Several example problems and solutions conclude the chapter.
* These include the video amplifier circuit which is used to illustrate the feasibility of
- the approach. Appendices are included which detail the Fortran code of the computer

- programs which implement the fault diagnosis techniques for the examples of the
report.
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.Chapter I
Completion of "Full Diagnosis" Research

1. Introduction

The purpose of this report is the completion of the work presented in [1]. This
* "research concentrated on the "full diagnosis" problem, i.e. the problem of determining

* 'system/circuit parameters from multifrequency output measurements under the
assumption that all components may be faulty simultaneously. Before discussing new
material we summarize the major contributions of the previous report [1].

First is the development of a set of Tableau Fault Diagnosis Equations based on
the use of the Component Connection Model (CCM). Due to the nature of the CCM the
fault diagnosis equations and the associated Jacobian, utilized in the solution

- algorithm, have an elegant and sparse structure. Another important characteristic of
these equations is that in many cases they are quadratic. The formulation of the

, diagnosis equations appears in summary in Chapter 2 of this report. The second
. contribution of [1] is the presentation of a theory of diagnosability for the fault
-- diagnosis equations. This includes a test for diagnosability based on the computation

of the rank of the sparse Jacobian. Third is the development of a solution algorithm
*- for the nonlinear Tableau Fault Diagnosis Equations. Of particular interest is a

modification which exploits the quadratic nature of the equations and substantially
improves the convergence properties of the solution procedure. Finally [1] presents
several illustrative examples which include algorithm performance data.

The third section of this chapter completes our work in the application of the
fault diagnosis equations to the "full diagnosis" problem with an example which

-illustrates the feasibility of the Tableau approach for large systems. The second
chapter then adapts this work to the assumption that the number of simultaneous
faults is limited. Before proceeding to new material we present a review of the CCM
and the derivation of the fault diagnosis equations.

* 2. The Component Connection Model and the Fault Diagnosis Equations.

Let a linear system have N components where the i-th component is
- characterized by the transfer function Zi(s,ri) (s is the Laplace Transform variable and
- lr is ,. p;a.KnmcLcr which characterizes the component). l)enot, the i-t.h component

, i ,L puL as'. and bi(S) rnspe livwly. 'l'Th
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bi(s) = Z(s,r1)a1(s) (2.1)

is the component input/output equation. Next define the composite component
input/output vectors:

a(s) = col (a 1(s),a 2(s), aN(s)) (2.2)

b(s) = col (b1(s),b 2(s), bN(s)) (2.3)

N and the composite component transfer function

Z(s,r) = block diag(...,Z(s,ri) ....) (2.4)

where r =col (r1 ,r2,rN). The composite component input and output vectors are

r by b(s) = Z(s,r)a(s) (2.5)

-  The connection laws ( e.g. KVL. KCL) are then expressed in terms of the following

equations:

a(s) = L11b(s)+L12u(s) (2.8)

y(s) = L2 ,b(s)+L 22 u(s) (2.7)

where u(s) and y(s) are the circuit/system input and output vectors respectively and
the Li, are determined by the connections. Equations 2.5, 2.6 and 2.7 form the CCM
equations [5] and have a frequency domain tableau formulation:

iZ(sr) -=-Las)]s)(2.8a)
-iL 1J [lbs] )j OUs

y(s) = L2,b(s)+L 22u(s) (2.8b)LSuppose the circuit/system modeled by equation 2.8 is to be diagnosed; that is

the value of r in Z(s,r) is sought. Test inputs are applied at q different test
input/frequency combinations and the corresponding outputs are measured. Let u(s)
be the test input vector and ym(s1 ) be the test output vector, for i=1,2 ....q. Because
the circuit/system is linear all components of u(s)and ym(si) are phasors. It is
possible to construct a set of fault diagnosis equations of the form [1]

[Z(sr) V(s)] bo(s) (2.9)

for i-l,2.q, where

(1.) q is the ni f input/frequenry combinations,
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(2) bo(si) = 0
. (3) L-11 is any right inverse of L21,

(4) a0 (si) = L,,b 0(si) + L12u(si),
(5) V is a matrix whose columns span the null space of 41,
(6) r is the unknown parameter vector, and
(7) a, is a vector of auxiliary unknowns which characterizes the ambiguity in the

solution for r at any single frequency, si.

In particular if

fj(r) _ [Z(s,r) l-V] (2.10)

gi_ LI,Vaj+a,(si) (.1I

SLb(s) (2.12)

x xcol .. a (2.13)

then the fault diagnosis equations have the equivalert form

rfj(r)gj(aj)-Pj

F(x)= = (2.14)

q(r)gq(a2,)-P.

where 0 is the zero vector. Using a Newton-Raphson scheme, one iteratively solves[l]
. for the solution, say x , via

JF(Xk)[Xk + l-Xk] = -F(xk) (2.15)

where xk is the k-th estimate of the solution to equation 2.14 and JF(.) is the Jacobian
of F(.) . Because of the product structure of equation 2.13 and the sparsity inherent in
2.9, the Jacobian is both elegant and sparse. Specifically

-" 0". ..

oaa,0 zr --) 8 r )& a

JF(X) = 0 0 . (2.16)

q(r) -r-'IL ) - rP(
0 . e r..
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3. An Example
To illustrate the use of the fault diagnosis equations developed in [1] consider

Figure 1 which is the high-frequency AC equivalent circuit of a four transistor video
amplifier. This circuit is based on the example circuit given in Fig. 7 of reference [9].
In addition to the ground node we consider the nodes labeled A through F as accessible
since these correspond to inputs, outputs, or power supply connections on the original
circuit. These accessible points are used to provide the four inputs and six outputs
shown in Figure 1. The nonzero entries of the sparse set of connection matrices, L11 ,

1i2 and L2 1 , appear in Tables 1 through 3. All entries of L22 are zero.

Table 1.
Nonzero entries of L11 (26x26).

row,column value row,column value row,colurnn value

1,2 -1 1,4 -1 1,5 -1

2,1 1 2,3 -1 3,2 1

3,4 1 3,6 1 4,1 1
4,3 -1 5,1 1 5,7 -I

5,26 -1 6,1 1 6,3 -1

7,5 1 7,6 -1 7,8 -I

7,10 -1 7,11 -1 8,7 1
8,9 -1 8,26 1 9,8 1

9,10 1 9,12 1 9,13 -1

9,20 -1 10,7 1 10,9 -1

10,26 1 11,7 1 12,7 1
12,9 -1 12,26 1 13,9 1

13,14 -1 13,15 -1 14,13 1

14,16 -1 14,17 -1 15,13 1
15,17 -1 15,18 1 16,14 1

17,14 1 17,15 1 17,19 -I

17,26 -1 18,14 1 19,17 1

19,18 -1 20,9 1 20,21 -1

20,22 -1 21,20 1 21,23 -1

21,24 -1 22,20 1 22.24 -1

22,25 1 23,21 1 24,21 1

24,22 1 24,26 -1 25.21 1

* 26,5 1 26,6 -1 26,8 -1

26,10 -1 26,12 -1 26,17 1

26,18 -1 26,24 1 26,25 -1

0

0
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Table 2.
Nonzero entries of L12 (26x4).

row,column value
1,1 1
9,2 1

19,3 1
22,4 1

Table 3.
Nonzero entries of 1-21 (6x26).

rowcolumn value row,column value

1,1 1 2,2 1
2,4 1 2,6 1
3,9 1 4,19 1

4,26 1 5,22 1
6,5 1 6.6 -1
6,8 -1 6.10 -1

6.12 -6 ,17 1

6.18 -1 6,24 1
6,25 -1 L

The computation of le R and V was performed via the JMSI, routines LGINF and
LS\VDF respectively [8]. These too are spare matrices with their nonzero entries given
in Tables 4 and 5.

F. .



Table 4.
Nonzero entries of Ljj'R (26XS).

row,column value row,columin value

1.1 1 2,2 0.346154
2,6 0.0384815 4,2 0.346154
4,8 0.0384615 5,2 0.0384615
5,6 0. 115M85 6,2 0.307692
6,6 -0.0769231 8,2 -0.0384615
8,6 -0.115385 9,3 1
10,2 -0.0384615 10,6 -0.115385
12,2 -0.0384615 12,6 -0.115385
17.2 0.0384615 17,8 0.115385
18,2 -0.0384615 18,6 -0.115385
19,4 0.5 22,5 1
24,2 0.0384815 24,6 0.115385
25.2 -0.0384815 25.6 -0.115385
26.4 0.5 ___________



Table 5.
Nonzero entries of V (26x20).

row,column value row,colun value row,column value

2,1 0.80808 3,11 1 4,1 -0.428086
4,2 -0.105202 4,3 -0.105202 4,4 -0.105202

4,5 0.0743889 4,6 -0.105202 4,7 0.105202

4,8 -0.105202 4.9 -0.62699 4,10 0.0743889

5,1 -0.0475852 5,2 0.109844 5,3 0.109844

5,4 0.109844 6,5 0.629435 5,6 0.109844

5,7 -0.109844 5,8 0.109844 5,9 0.132594

5,10 0.629435 6.1 -0.380621 6,2 0.105202

6,3 0.105202 6,4 0.105202 6,5 -0.0743889

6,6 0.105202 6,7 -0. 105202 6,8 0.105202

6,9 0.62699 6,10 -0.0743889 7,12 1

8,1 0.047552 6,2 0.890156 8,3 -0.10944

8,4 -0.109844 8,5 0.0776715 8,6 -0.109844

8,7 0. 109844 8,8 -0.109844 8,9 i -0.132594

8,10 0.0776715 10,1 0.0475652 10,2 -0.109644

10,3 -0.109644 10,4 0.890156 10,5 0.0776715

10,6 -0.109844 10,7 0.109844 10,8 -0.109844

10,9 -0.132594 10,10 0.0776715 11,13 1

12,1 0.0475652 12,2 -0.109844 12,3 -0.109644

12,4 -0.109844 12,5 0.0776715 12,6 0.890156

12,7 0.109844 12,8 -0.109844 12,9 -0.132594
12,10 0.0776715 13,14 1 14,15 1

15,16 1 16,17 1 17,1 -0.0475652

17,2 0.336293 17,3 0.336293 17,4 0.336293

17,5 -0.237795 17,6 0.336293 17,7 -0.336293

17.8 0.336293 17.9 -0.301165 17,10 -0.237795

18,1 0.0475652 18,2 -0.109844 18,3 0.8901t8
18,4 -0.109844 18,5 0.0776715 18,6 -0.109844

16,7 0.109844 18,8 -0.109844 18,9 -0.132594

18,10 0.0776715 19,5 0.5 19,10 -0.5
20,18 1 21,19 1 23,20 1

24,1 -0.0475652 24,2 0.109844 24,3 0.109844

24,4 0.109844 24,5 -0.0776715 24,6 0.109844

24,7 0.890156 24,8 0.109844 24,9 0.132594

r 24,10 -0.0776715 25,1 0.0475652 25,2 -0.109844

25,3 -0.109844 25,4 -0.109844 25,5 0.0776715

25,6 -0.109844 25,7 0.109844 25,8 0.890156

25,9 -0.132594 25,10 0.0776715 26,5 -0.5
26,10 0.5

* The component transfer functions are: Z,(s,r) = ris for i=4,5,10,11,16,17,23,24 and

Zj(s,r,) = ri for the remaining i.

The nominal component values appear in Table 8 which includes the solution results.

Note that the component values arc scaled to improve the numerical condition of the

problem. The impedance scale factor is 102 and the frequenc..,y scale 'actor is 10 7 .

6
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For this example M=N=26 and p=20. Using theorem 6.1 the minimum number ofinput/frequency combinations is q=3. For this value of q we found no set of inputs andfrequencies for which the circuit would meet the diagnosability condition of Theorem
4.2. Increasing q to 4 we find that the following inputs and frequencies render the
circuit diagnosable:

u(s) = u(j.05) = (7.1a)

u(sO) u(j.2) =(7. 1b)m0 [101
!u 

( s O ) =u ( j .1 ) 0 ( 7 .1 c )

u(S4) u(j1.) 
(7.1d)

The nominal values for the a. to be used along with the nominal parameters as the first
solution estimate arc in Tables 6 and 7.

0
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Table 6.
Nominal values for a, and a2.

* .. 92

real part irnag. part real part imag. part

-. 38813E-01 -. 10576E-01 -. 35685E-O1 -. 22477E-02

.10873E+00 .11199E-01 .79972E-01 -. 16134E-01

.23505E +00 -. 23526E+00 .15327E+00 -. I 1376E+00

.25592E+00 .20359E+00 -. 18606E+00 -. 36613E+00
.90589E+00 -. 17671E+00 -. 37868E+00 -. 28573E-01
.84608E +00 -. 60119E+00 -. 26385E+00 .25068E+00
.31807E+00 -. 88404E-01 .23297E-01 -. 28580E-01

.78337E-01 -. 74524E-01 .10206E+00 -. 43404E-01
-. 51649E-01 .16461E+00 .54176E-01 .39788E-01

-. 10085E-01 .64373E+00 .15078E+00 .52261E-01
.29313E+01 -. 42463E+01 .83646E+00 -. 55977E-01

.12641E+01 -. 19982E+01 .35621E+00 -. 17659E+00
.49954E+00 .31602E+00 .17659E+00 .35621E+00
.31785E+00 -. 23551E+00 .16082E+00 -. 29919E-01
.13377E-01 -. 25264E-01 .69824E-02 -. 94932E-02

.39654E+00 -. 44345E+00 .33091E+O0 -. 52113E-01

.83160E-01 .33443E-01 .94932E-01 .69824E-01

.44210E 00 -. 77673E-01 .13150E+00 -. 29041E-01
-. 22943E-02 -. 91910E-02 .18614E-02 -. 24575E-02

.22977E-01 -. 57358E-02 .24575E-01 .18614E-01

4,

|°

-0



Table 7.
Nominal values for as and o..

real part irmag. part real part imag. part

.2170E-01 .83072E-03 -. 37897E-01 -. 54919E-03

-. , -. 14510E+00 -. 54401E-01 .71877E-01 -. 54767E-02
.25918E+00 -. 21969E+00 .77660E-01 -. 27956E-01

-. 18065E+00 -. 16939E+00 . ?227E+O0 .88366E-01
.12023E+01 -. 33955E+00 -. 52193E+00 -. 52442E-03

-. 3712E+00 .20523E-01 .90419E-01 -. 25391E-01
.20897E+00 .82907E-01 .80488E+00 .28640E+00

-,17104E+00 -. 54508E-01 .31594E-01 .17439E+00
.1 1877E+00 .10451E+00 .10015E+00 .72395E-02

-. 99168E+00 .42984E+00 .34497E+00 -. 905371-03

-. 77921E-01 -. 93854E-01 .53431E+00 .44778E-01

.25116E+00 -. 79270E-01 -. 19795E-01 .30812E-01

.39635E-01 .12558E+00 -, 15406E400 -. 98974E-01
-. 32688E+00 -. 42537E-01 .88285E-01 .72916E-02

.40200E-01 -. 16473E-01 .59702E-03 -. 22681E-02

.97677E+00 .69241E-01 .23887E+00 .13887E-01

.82365E-01 .20100E+00 .11340E+00 .29851E-01

.65552E-01 .13644E-01 -. 22168E-01 .62441E-01
-. 28225E-02 .6491?-04 -. 40096E-02 .17967E-01
-. 32459E-03 -. 14112E-01 -. 89834E+00 -. 20048E+00

We next establish a set of "actual" parameter values which are to be determined

from the measurement data. These values likewise appear in Table 8. The simulated

measurements corresponding to the actual parameters and the inputs of equation 7.1
are:

130131Ei01 -. 41295E+01
.54763E-01 -.74921E-01
1.13175E+01 -.10820E+01

yM(jo) = i.10894E+01 +j .35500E+00 (7.2a)

.23035E-01 -.77400E+00

[.36800E+00 . .78442E+001

.76267E+00 [-.30754E-01

.13862E-01 -.54854E-03

S2) - .79305E+00 -.14179E+00
.y(j.2) - .37143E+00 + j -.64531E-02

.42976E+00 -.40539E-01

,66459E+00, .41443E-011

r-. 10196F,+00 r-.94506E-01
-. 16504 E-02 -. 17186E-02

.1086.Th+00 -. 78825E-Q1yMOj') = .17885E+01 + j -. 757 1 2 E+O0 (7.2c)

-. 26883E+00 -1 1197E+00
.. 45267E+ 00. .-. 61275E-02
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-.50661E+00 .38099E-01

.92108E-02 .69435E-03

.50637E+0o .27279E-o1
YU(I.') = .22685E+00 +j .35169E-02 (7.2d)

.54900E+00 -. 17301E+00

.74654E+001 .28013E-021

Table 8 summarizes the results of the solution algorithms. The first solution used
the usual Newton-Raphson iteration step while the second solution used the modified

* algorithm discussed in Chapter 5 of [ 1]. Both solutions employed a FORTRAN program

compiled and executed on a VAX-1 1/780 with single precision arithmetic. Use of the
usual or modified iteration is a program option. This program is included as Appendix
A of this report. Although both solution methods converged for this example the
modified algorithm required 7 iterations (17 min.) to converge compared to 17
iterations (36.8 min.) for the Newton-Raphson algorithm. The execute times for the
programs are somewhat long due to the fact that sparse matrix techniques were not
used. The Jacobian for this example is a 208x156 matrix with 5.4% of its elements
nonzero.
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Table 8.
Parameter values and solution results.

component units nominal actual solution I solution 2
I ohm 12 11 11 11

2 mho 0.1 0.11 0.109 0.109
3 ohm 56.7 55 55 55
4 farad 50 100 100.2 100.2
5 farad 5 4.5 4.5 4.5
6 mho 10 9 9.016 9.017
7 ohm 30 37 37 37
8 mho 0.1 0.15 0.1498 0.1498
9 ohm 10 8 8
10 farad 50 65 65 65
11 farad 5 6.2 6.2 6.2
12 mho 10 14 14 14
13 mho 0.3 0.22 0.22 0.22
14 ohm 10 11 11.03 11.03
15 ohm 2 2.5 2.5 2.5
16 farad 50 45 45.04 45.04
17 farad 5 4.8 4.8 4.8
18 mho 10 9 9.007 9.007
19 ohm 10 11 11 11
20 mho 0.3 0.33 0.33 0.33
21 ohm 10 11 11.23 11.23
22 ohm 10 12 12 12
23 farad 50 49 49 49
24 farad 5 6 6 a
25 mho 10 3.8 3.798 3.798
26 ohm 0.78 0.7 0.7 0.7

4. Summary

The preceding example completes the Tableau Fault Diagnosis Equations
documented in [1] by demonstrating the feasibility of their use for a large system.
These equations are easily computed, requiring no matrix inversions in the their
construction or in the construction of the associated Jacobian, The polynomial order
of the Tableau Fault Diagnosis Equations is dependent on the component
characteristics and not the size of the system. For many systems this means that the
equdtions are quadratic, a fact which has been exploited to improve the convergence
properties of the solution algorithm. Finally a substantial improvement in the
efficiency of the solution algorithm is possible upon the application of sparse matrix
techniques.

4,-

0

b.
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Chapter 2
Fault Diagnosis in the Tableau Context

with the Assumption of Limited Simultaneous Faults

1. Introduction
The discussion of the previous report [1] presumed that ALL parameters of a

circuit/system could differ significantly from their nominal values. This assumption is
appropriate when there is some form of interdependence among the parameters. An
example of this is the parameter set of a transistor model. A transistor functioning
abnormally could cause all the parameters of a linearized model to change
significantly. However parameter failures in many circuits/systems are often
statistically independent. In this case the likelihood of more than a few simultaneous
failures is extremely small. The fact that most parameters are at or near their
nominal values represents information useful to the solution process and leads to the
following objective for this chapter:

Utilize the Tableau fault diagnosis equations developed in
[I] to solve for the circuit/system parameter vector, r,
given i) the measurement data and ii) the assumption that
at most nf of the N parameters differ from nominal where
the integer, nf, denotes the "number of assumed faults".

Several compelling motivations underly this recasting of the fault diagnosis
problem. First it simplifies the calculations since the solution algorithm deals with
fewer equations and unknowns. In fact there are recent well documented
circumstances [2-4] in which the computations proceed via linear methods. More
important than the simplification of the diagnosis equations is the fact that the fault
diagnosis process requires fewer test points when the assumption of a limited number
of faults is valid. Call the number of test points (outputs) n0 . Each of the n, test
points is a source of information which in composite should suffice to determine the
parameters. Intuitively, the amount of information necessary is proportional to the
dimension of the parameter space. Since the limited fault assumption forces the
solution to lie in a lower dimension subspace of the parameter space, it follows that its
use in the diagnosis process should require fewer test points than a complete
diagnosis (i.e. no limited parameter failure assumption). Keep in mind however that a

* tradeoff arises between the reduction or test points and the case of solving, the

rosuiLking cquations. ,or a given vahwe of nf as the number of W.st. p.nts, n,, decreases
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the difficulty of solving the fault diagnosis equations should increase.

Current research in the literature has concentrated on simplifying the fault
diagnosis calculations. For example Huang, Lin and Liu [2] have developed a node-
fault approach which solves for the change in the branch admittances of a linear

t network using voltage measurements at a set of "accessible" nodes in the network. If

the number of accessible nodes is m+1 (including the reference node) and the number
of faults is k, this approach requires that k'm for the fault to be uniquely determined
using linear techniques. (Note: For this approach the number m is analogous to the
number n, in the Tableau approach and k is analogous to ny.) For any set of k faulty
branches where k<m, the set of possible values for the network response lies in a k-

dimensional linear subspace of R'. If a measurement does not lie in any such
subspace then k>_m and it is not possible to determine the fault uniquely. If on the

."other band the measurement does lie in a subspace corresponding to a particular k-

fault then the branch admittances corresponding to that fault are solvable.

Likewise, Saeks et al. [3] have introduced a fault diagnosis algorithm in the
limited failure context based on the CCM. The authors recognized the excessive
computational cost associated with solving a set of fault diagnosis equations for every

*possible fault combination and their approach circumvents this problem. Their
algorithm, applicable to nonlinear as well as linear networks, has the following

,- structure:
S.i) Partition the components into two groups. Assume that the

group 1 components are "good". Using the measurement
data and the characteristics of the group 1 components
determine the inputs and outputs of the group 2
components which would give rise to the measurement
data.

ii) Test each component in group 2 by determining if the
component outputs and inputs are consistent with the
nominal component characteristic. If the inputs and

outputs of component i are consistent with its nominal
characteristic then component i is assumed good, if not
then no decision is possible.

* -iii) Repartition the components including all components
found to be good in group 1. Go to step ii and continue the
process until group 1 consists entirely of good components.

Several remarks concerning this procedure are relevant to the development of

the algorithm in this paper. First the decision rule used in [3] to establish the identity
of the good components is exact for single component failures but for multiple faults
the decision rule must be based on the assumption that the effects of multiple faults
cannot cancel. This assumption is reasonable when the "good" components arer-- represented by parameters which are exactly nominal but may break down when
actual values of the good parameters arc randomly spread around nominal due to
prcduction variations. Second, the algorithm in [31 requires that the number of Lest

'ion'r, or a linear system be suficient to permit the comp:.ULation of the input,, and
ouLtp~sL; or T.hc components under tesLt with t-ingle frequency test data. Third, use of
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the multiple fault decision rule requires that the number of faults be strictly less than
the number of components under test. (Note: These two requirements are equivalent
to the restriction in the Huang, Lin and Liu approach [2] that k<m.) Finally although
this method employs the CCM it differs fundamentally from the Tableau Approach
presented in this paper.

A final example of the use of the limited fault assumption is that of Biernacki and
Bandler who developed an approach to multiple fault location for linear networks.
Here the faults are modeled as loads applied to an invariant network which represents
the system in its nominal state [4]. Their fault diagnosis equations build on voltage
measurements taken at a single test frequency. The identification of the faults
depends upon checking the consistency of a set of linear equations. Like the other

-approaches the linearity of the fault diagnosis equations requires that the number of
voltages measured be greater than the number of simultaneous faults to be located.
(Note: As for the previous approach this assumption is equivalent to the restriction in
the Huang, Lin and Liu approach [2] that k<m or equivalently in the Tableau context
that n,<n.)

All the above approaches share the constraint that nf<n. The algorithm for
limited fault analysis developed in this chapter does not require that the number of
faults, nf, be less than the number of measurement points, n.. Philosophically, the
idea is to use the multifrequency techniques developed thus far to "squeeze" as much
information as possible out of a given set of test points. The next section presents
several simple examples in the context of the Tableau Fault Diagnosis Equations
applied to the limited fault assumption. These examples will clearly illustrate how the
relationship between n, and nf affects the approach to the solution.

2. Motivational Examples

The purpose of this section is to illustrate the properties of the Tableau Fault
Diagnosis Equations under the assumption that the number of parameters which
deviate significantly from nominal is limited. The examples are designed to highlight
the differences which occur as the relation between nf and n, changes and to serve as
background to the development of the solution algorithm.

Consider the example shown in Figure 2. The CCM equations for this example are:

rbI(s) r, a (s)
b2 (s) r 2/s 0 a (s) (2.1a)
b3(s) =  0 r3 a:(s)l
b4 (s) r4 Ia4 (s)

fa(S) -1 0 rb(S) 1

a_(S) 1 0 1 0 b2(s) I
a3(s) 0 1 0 0 Ib,(s) + u(s) (.lb)
a,,( S) 0 o 0 0 0b 4(s) i



17

IG
* ++1c C

a 04  b 2  a3
in G4 - G

Figure 2. Circuit for Motivational Examples.
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fb1 (s)1001o Ib(s) 10

where

rr; rG,
r r2 -IV 1C 2  ad Iv(S)l i

r3 IG and [r2(S)
Sr4  G4

The right inverse and null space basis for 1, are:

-1 0. 1 0
0 1 0 0

2 R= 0 0  and V 01
0 0 -1 0

The nominal value for the parameter vector, r, is r. = coil1 1 1 1] and n,=2.

Case 1: nf= 1 (Component 1 faulty)

Assume that only one parameter value differs from nominal and that
measurements occur for a single real test frequency, s=s,. Recall that the fault

diagnosis equation is:

rL1 lVot+a.(sj)

rzs~)I -V- --- b0 (sl) = (2.2)

where:

i. b.(s1) = Li7?[ (s)-L2 2U(Si)J

ii. ao(sl) = Ljbo(s,)+L12 u(s);
iii. The columns of V span null[L2 1];
iv. L2R is any right inverse of L21 ;

v. yM(s 1 ) is the measurement (an n. dimensional vector);
vi. The dimension of null[L2 1] is p;
vii. al = col(C(sl),a 2 (s1 )....ap(si)).

Next, rearrange the fault diagnosis equation 2.2 to produce:

-Z(s,,r)L,,Va, = Z(s,r)ao(s,)-bo(s,) (2.3)

Substituting the information for this example into equation (2.3) yields:

* ~~~-r2 / s, r: /, 1 y r2/s -1SI's)
0 1 0 0 r. (2.4)

-. 0 r4.(s.. 0
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Notice the following characteristics of this set of equations:
i. There are 4 equations and 6 unknowns (4 parameters and 2 ambiguity

variables);

ii. Each ri appears only in the i'th equation;
iii. If the nominal numerical values for r replace the variables, the equation

set is linear with the al and a 2 as unknowns;
iv. If one parameter is faulty then a solution for a, and a 2 must exist upon

deletir.g the equation containing the nominal value of the faulty
component.

The above characteristics suggest a solution method. Namely eliminate the i'th
equation. If the remaining equations are not consistent then ri is not faulty (or the
single fault assumption is not valid).

To illustrate such a solution method let component 1 be faulty with r, = 2. Given
the test frequency s, = 1 and input u(s1 ) = 1 the corresponding test outputs are:

[r =i [2.1 (2.5)

Equation 2.3 becomes:

-i rl
0-1 [aJ 1 (2.6)

-1 0 L

where a, = al(1) and a 2 = a 2 (1). The results of the successive elimination of each Oi
the rows of equation 2.6 appear in summary form in Table 9.

0

0(

eI
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Table 9.
Summary of Consistency Check (Component 1 Faulty).

Row Elim. Resulting Equation Solution

[- 1 l- 5
1 0I~ =l' ['.5I al =I,

"12 -1 0j 2 1. . 5

S .5 Inconsistent

3 -1 0

"3_ -1 0Ja 2 1 [. Inconsistent

-_4 _- 1 [- Inconsistent

0 1 . 5

The data in Table 9 clearly indicates that the only possible single fault for the
given measurement data is component 1. To determine the parameter values simply
substitute the al values into 2.7a and 2.7b to compute actual component inputs and
outputs:

b(l) = be(1) + Val (2.7a)

a(1) = a.(1) + L11V~1, (2.7b)

Then use the composite component transfer function matrix equation b(1) = Z(l,r)a(1)

to compute r. For this example equation 2.7 yields:

b(1) = 5 and a(1) = [
and the parameter values are rl = 2 and r2 = r 3 = r 4 = 1 as expected.

Case 2: n1 = 1 (Component 2 faulty)

The solution to a limited fault problem is not necessarily unique. To demonstrate
this repeat the example with component 2 faulty. Let r2  2 with the remainder
nominal. The test outputs for this case given sl = 1 and u(sl) = 1 are:

jY2(s,)] - [..

SubLiLutc into equation 1.4 to get:
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r1 0
1  1  fal 11.2 (2.9)

0. .

Table 10 contains the results.

Table 10.
Summary of Consistency Check (Component 2 Faulty).

Row Elim. Resulting Equation Solution

1 [I ..0 [1.2] Inconsistent

2 11 0 lo2 0 91 r-1:~ [4~-,1 0 [ o
"-1 0fi Oli (Ir-1.5

4 -1 1 1 .5 Inconsistent

The data in Table 10 indicates that there are two possible single faults which
satisfy the fault diagnosis equations. The values of a from the second row in the table
correspond to parameter values: r 2 = 2 with the remainder nominal. Those of the third
row correspond to r3 = .5 with the remainder nominal. This illustrates the potential
for ambiguity in the solutions. It is easy to see for this simple circuit that the
ambiguity is generic: that is, it will always occur for this test arrangement whenever
parameters two or three are faulty. Although ambiguities are always possible, it would
be convenient to be able to avoid such generic ambiguities. A later section will
develop a test to determine if such a problem exists for a given diagnosis situation.

To summarize cases 1 and 2 of the example consider the following characteristics:
First, the number of faults, nf, is strictly less than the number of test points, n,. Next,
each fault generated a new set of equations from the original fault diagnosis equations.
When a solution failed to exists for the set corresponding to some fault then that fault

* was not possible. The existence of solutions for more than one fault possibility may be
generic to the circuit/system test point combination. Finally, notice that the solution
process proceeded via linear methods. This is possible because n< n< . Here the use
of measurements at a single test frequency provides sufficient data for the solution
proccss in that the set of measurements for each fault combination mustI ho in a

oli " sl..:w . cc of th e CnLirc mmers,,urrrn, r L spact,. \lIhoti.I,} the olxiti - o i t the e6
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cases is computationally different from the approaches discussed earlier [2-4) the use
of linear methods and its underlying justification is an essential commonality which
makes them all philosophically equivalent.

Case 3: nf=2 (Components 1 and 2 faulty)

Consider the possibility that the circuit modeled by equation 2.1 has two
simultaneous faults. There are six possible fault combinations, i.e.: r1 ,r 2 faulty; rl,r3
faulty; etc.; all combinations of four parameters taken two at a time. Consider
equation 2.4 under the circumstance of two simultaneous faults. As before there are 4
equations and 6 unknowns. Since a fault combination includes two parameters
eliminating the equations which contain an assumed fault while setting the remaining
parameters to nominal leaves two equations in two unknowns. This means that a
solution for axI and a 2 is likely to exist for each possible fault combination.

Suppose that the actual fault combination for this example is components 1 and 2
(r, 2 and r 2 = 2) and that s, = 1. The test outputs for this case are:

lyns)= 11.86I yIs) 1.571(.0

As before use the nominal parameter values in equation 2.4 with the understanding
that two of the four equations must be incorrect since two parameters are faulty.
Equation 2.4 becomes:

-10 r-1 41
-1 :11 -1.4

= 0 + 1 r -86=1.29I (2.11)

Table 11 summarizes the computations of the aj and the corresponding r for each
possible fault.
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Table 11.
* "Summary of Parameter Computation at s, = 1 (Components 1 and 2 Faulty).

Rows Elim. Resulting Equation Solution Parameters

'10 [ I 1 - r57 [a1 1-1 r 1=2 rs=l
i21i 0 a2 l - . a 1.7 r2=2 r 4 =1

0&3- 1  = [1291 [a 1  U-1] r 1 =2 r3=.5

Ja1 14 X = .29] r2=1 r4=i

1&4 a1 =t [159J a 1] [-.72] rl=2 . 7  r 3 =1

0 1 'a -[.57 r2= r 4 =.72

2&3 [ 0I f-1i43l Inconsistent Inconsistent

2&4I 0 l -1 .431a 1  
r=1 r3

= 1

i Ja2 O 1= .57] a2 =2 L .57 ] r 2=-4 r 4=1.43

f, Oja~ f-ig 4 1 aj [-431 rj1 r3=-.25
3&4-1 1[ t 9 -1 r2=1 r4 =1.43

As expected the computation produces inconclusive results. Clearly the
resolution of the ambiguity in the data of Table 11 requires additional information. To
acquire the needed information repeat the same procedure using a second test

frequency (the verification step). Let s2 = 2 for which measurement at the output
* would yield:

ryM(S 2)]1-[.
Y s 2 .1  (2.12)

As before substitute this information into equation 2.4 to obtain:

1 0
-. 5 .5 r 11 0 5 - 21 .

0 1 k I 2 [5 . (2.13)
-1 000

Table 12 contains the summary of results for the computation at this test frequency.

S/
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Table 12.
Summary of Parameter Computation at s, = 2 (Components 1 and 2 Faulty).

Rows Elim. Resulting Equation Solution Parameters

1&2 [- 1[ai = [.5] ra 1  = 01] r=2 ra= 1
_____ _ __1 01 11] ja2  [.5] r2 =2 r4=

10 '~l[1 4=11& .5 .5 [~ r,5all f-i11 r1=2 r3=0
Fa J 2  J0 r2 = 1 r 4=1

, .51 [ a I r5.l ra r-.5 r1-3. r3"1
1=4 0 1J CX2 L J r 2 = 1 r 4 =.5

1 rail f-15

2&3 [-1 0P 2  -1"] Inconsistent Inconsistent

11l0 r 1.5 a -1. rj1 rsei
2&4 [ Ja2  .5] a = L_ .51 r2 =00 r 4 =1.5

[-.5L~.~ .5'a 5 Fr=1 r4=1

The final step in this two-fault case is the comparison of the Tables 11 and 12. The
only common solution between the two tables is that for the component 1 and 2 fault
combination. This fault set therefore is the only one which simultaneously satisfies the
equations derived from measurements at both test frequencies.

This case for which the number of faults, nf, equals the number of test points, n0 ,
prompts the following observations: In general a single real test frequency is
insufficient to resolve the ambiguity. Data from the measurement at a second test
frequency is necessary. Since the equations resulting from the different test
frequencies are solved separately, linear techniques are still possible. The only
significant difference between this case and the previous two lies in the necessity for
the verification step (the second test frequency). This step was not necessary in cases
1 and 2 since the equations used to solve for the a's were overspecified due to the fact
that n1 < n,.

Case 4: n1=2. n= 1

Finally consider the same example (Figure 2) with one test point instead of two.
The CCM equations are the same as equation 2.1 except that the output equation is:

[bI (s)(

yi(s) [ 0 0 1] (,) + [0] u(s) (2.14)
b4 s I

4Accordinglv the right inverse and null space ba:sis Of 1-21 change to:
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.- 1 0 0

The fault diagnosis equations at a single test frequency si for u(si) = 1 are:

r1 0 0 0 -1 0 0 1(- (s)
0r 2/St 0 0 0 -1 0 a2 01) Y (s1)

1 - 0 (2.15)
0 0 rs 0 0 0-1 a(s) 0

,0 0 0 r 4 1 0 0 a2 (s)
cx3 ( 5j)

For the previous cases no trn. To illustrate the properties of the fault diagnosis
equations for nf > no let the number of allowable simultaneous faults be two (nr = 2)
and notice that n, = 1. Under these circumstances observe that for equation 2.15, the
elimination of two equations corresponding to an assumed fault combination with the
remaining two parameters set to nominal leaves two equations with three unknowns.
This means that the ambiguity must be resolved by the use of several test frequencies.
The resulting equations must be solved simultaneously with the unfortunate
consequence that the solution method cannot employ linear techniques.

This case represents a more general limited fault problem than the previous
cases since the number of test outputs, n0 , may be smaller than the number of
assumed faults, n1 . Since this more general approach is the subject of the remainder
of this chapter the actual solution process will appear in a later section.

Current research [2-4] has concentrated on the fault diagnosis problem with the
*restriction that no-nf. A motivation for this is that the solution method may use linear

techniques as illustrated by all but the last case. Unfortunately the restriction to
linear methods fails to exploit all of the information available at the test points. Thus
problems such as case 4 are not solvable via such methods. The remainder of this

* chapter considers the development of a more general algorithm f.;r limited fault
analysis in the CCM context. Here the restriction, n!-n, will not appiy. The method
will exploit all the information available at a given set of test points by utilizing
multifrequency testing.

3. Introduction to Notation

The purpose of this brief section is to develop the notation to assist in describing
6 the nr-fault solution algorithm presented in the next section. To this purpose we

define the following:

<........... i,,> A The fault index
It i' ;n orflr-rd nr-LtIPIr of positive in.eger .subj.ec t.o the followiny:

n . .: N ( . )

6
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O(N,nf) The set of all possible nrtuples satisfying 3.1
There are CN:r¢ elements in fl(N,nf). (Note: CN:nf denotes the number of combinations of

N things taken nf at a time.)

If 7 = <il,i2 ,. .in> then let M. be the following matrix with nf columns:

M = ei I... I eilr (3.2)

where ei is the N-dimensional unit vector with a 1 in the i-th position and 0's elsewhere.
For the fault -yc)(N,nf) define the fault space P7 in the following way:

P7 = Ir Ir=r,+M,.,p Rrf (3.3)

We say that the fault index y "represents" the parameter r if rEP7 . In other words Y is
a specific nf-fault combination.
Note: Limiting the number of allowable faults to nf means that there are at most nf
faults since any fault space with less than nf faults is contained in some P. as defined
in 3.3.

Finally let

F7(x,)AF(x) ri=r1 ity (3.4)

wht.re:
(i) F(x) is as defined in equation 2.14 of Chapter 1.

(ii) x = col(a. ,a_-... ,r)
(iii) x r = col(a 1 ,a_2....r 7 ... r 7r)

(iv) -y/ denotes the i'th element of the fault index y
(v) roi is the nominal value of the i'th parameter.

If a system fault is known to lie in P. then the actual values of the faulty parameters
must satisfy F0(x) G. Suppose a system is nf-fault diagnosable, then there will
generally be one fault index, y, for which F7 (x-,) = E.

4. Limited Fault Algorithm

This section has the following objective:
Given a circuit/system which is nrfault diagnosable and

0 which has a fault characterized by a parameter vector,
r c PR, 7f)(N,nf), develop a solution algorithm which will:

Ki) determine which circuit/system parameters are faulty

(find -/); and ii) solve for the values of the faulty
0 Thparameters, i.e. find r C P,, y-/c(N,nf).

The information available to accomplish this objective is the fact that the parameter
vector, r, and the associated ambiguity variables, a., i= 1,2,...,q, which combine to form
the composite unknown vector, x, must satisfy F(x) = 0 AND the constraint that rCP
where P = . P7 1 The latter constraint makes it impossible to utilize the Newton-

7 (1(N, nr)

Raph, -n iteration directly To illu.Strate the nature of the problerm irnposed by this
c ,onstr-;jrt r-onsider the following "h'w12 ['ore'" .q proach x-: ,oluti,, rietlo(l:
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Try to solve for x. in F,(x)=O for each yfn(N,nf). If for a
particular 7, a solution fails to exist, y denotes an incorrect

S- fault combination. If a solution does exist then 7 is a
potential fault combination. If only one - yields a solution,
the fault is uniquely identified.

The modified Newton-Raphson algorithm developed in [ 1] is a stable method for testing
each F7 . The number of such equations which must be tested is CN:n where

CN: = m!(n-m)! (4.1)

The major shortcoming of such an approach is that as N gets large with nf>2. the
number of possible faults becomes extremely large resulting in excessively long
computation time.

* The excessive number of fault possibilities for large systems is the main reason
for considering the alternative approach described in this section. For clarity we

*begin with a brief overview of the idea. Recall that the available information for a
solution algorithm to determine the fault index, y, and solve for the parameter vector,
r, is:

F(x) = 9 (4.2)

and

r E P U P (4.3)71EO(N.nf)

Suppose we view equation 4.2 as a set of constraints and reformulate the restriction in
4.3 in the following way:

Define:
I. (r,-')- J r-rAl (4.4)

where (i) rERN, (ii) r7 EPP7 , (iii) -yEQ(N,nf), and (iv) denotes the Euclidean norm.
Notice that since p-O, equation 4.3 is satisfied if we require that rp(r,7) be a minimum.
In other words r, the objective function to be minimized, is the distance from the
solution, r, to a point in some P. This distance is zero for any solution that can be
described by a fault index, -Efl(N,nf). Thus the problem statement becomes:0

-- minimize rp(r,y) (4.5)
rCRN 7CEl(N,nf)

subject to:

F(x) = 0 (4.6)

To develop some insight into the solution process to be developed consider first a
solution method for the general nonlinear constrained minimization problem given by
Luenberger[6] and known as the "Gradient Projection Method". This method proceeds
in the following manner:
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(i) Given a starting point use some solution procedure to find a
"feasible point" that is a point which satisfies the equality
constraints.

(ii) Next update the feasible point by adding to it a component
which lies in the space tangent (at the feasible point) to the
curve defined by the equality constraints. The direction of
the tangent component is the projection of the gradient of
the objective function into the tangent space (hence the
Gradient Projection Method). The updated point is the
value along the tangent projection for which the objective
function is minimum.

(iii) Using the updated point as the starting point repeat these
two steps until the procedure converges to a solution point.

To apply this type of procedure to the solution of 4.5 and 4.8, modify the second step
of the Gradient Projection Method in the following manner:

(i) Let FcP.(N,nf). For each yE7r compute the tangent space
component for which r(r,y) is a minimum.

Note: Although this requires a search as in the direct approach
the time required can be kept relatively small if the
number of elements in I is small.

(ii) To choose the elements of r consider the parameter values
at the feasible point. Any parameters which are close to
nominal (say within 10%) consider good. This will eliminate
some fault combinations from consideration thus
decreasing the number of elements of rP relative to the
number of elements of fl(N,n,).

(iii) Another criterion which will limit the size of r is to consider
the component whose parameter value at the feasible point
is farthest from nominal as faulty.

We now present the details of the algorithm to solve the limited fault problem.
This algorithm has the structure shown in Figure 3. The first step of the algorithm is
to choose an initial guess. The best available information about the solution is the
nominal values for the circuit/system under test. Therefore let x0 = x0.

4 The next step is to find a feasible solution, that with x, as an initial guess find a
point, xE~pq+N which satisfies F(x)=9. Recall that the modified Newton-Raphson
iteration step is[1]:

JF(Xk)dk - -F(xk) (4.7)

xk+l = xk+Xdk

where X is chosen to satisfy
lF(xk+,\dk)12 < IF(xk)l

JF(Xk) can be expected to have a nontrivial null space. If it did not then there is

6'

6
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Select an initial
estimate of the Step 1

solution

Use an estimate
of the solution to Step 2

find a "feasible
solution"

feasible solution Se
with a Tangent Se
space correction
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Figure 3. Basic Algorithm Structure.
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sufficient information to find the solution without the limited fault assumption. This
means that 4.7 does not have a unique solution. To make the solution to 4.7 unique
requires that dk be the "least squares" solution. This "least squares" solution can
theoretically be found via Moore-Penrose pseudo-inverse[7] but in practice the

, solution is determined using software such as IMSL routine LLBQF[8]. Implemented in
this manner the modified Newton-Raphson iteration provides a means of finding a

*feasible point.

The third step depicted in Figure 3 is the tangent space update of the feasible
point to minimize the objective function. To assist in the explanation of the

*- implementation of this step define the following:
xfe A the feasible solution resulting from Step 2.
r A the parameter part of xf1 (i.e. the last N entries of x16).

VF(X.1A4 the matrix whose columns span Nul[JF(Xf.)],
Vr(xfe)_ the matrix consisting of the last N rows of VF(xfe).
Tp(xie)A the tangent space of the surface F(x) = S at the point xfc.

xt= a point in TF(Xfe).
rtA the last N entries of xt.

D.A for y = <il,i2. ...in > this is the identity matrix with rows il, i2

etc. deleted.
Note: D., is a matrix operator for the parameter vector which produces a vector
consisting of the entries of r whose indices are not contained in y.

The objective of this step is to find a point in the tangent space which minimizes
the function 9. If xt is a point in TF(Xfe) it has the following characterization:

xt = x16 + Vp(xg.)f (4.8)

* where PERm and M=dim Null[JF(xfr)]( . Thus the goal for this step becomes: Find fi
which minimizes rp. Since the objective function, jo, involves the parameter alone only
the last N equations of 4.8 require consideration. Thus

rt = rf, + V(xf,.)P (4.9)

characterizes the parameter part of xt used in the objective function. Let y be fixed.
• Note that:

m nr(rt,y) = min Irt-rl (4.10)
ztCTxf,) XETyT(x 6 )

= minUD ,(r,+V,(xte)P-r,)U2
pe°i

But since Dr, = D~r0 this become:

min ,w(rt,y) = miuA,.#-B3 2  (4.11)

XtCTF(Xe) PER

where

Ay = D7Vr(yr,) and 3, = D.,(r 0 -rko) (4. 2)

I'or a given '- c and tho riatrix A. and the vector PY are known. Thus equation t1 ':

,I

C,
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a linear least squares problem readily solved via techniques discussed previously[7,8].

Let P, denote the vector which satisfies 4.11 . To find the minimum of the
objective function for all rt and 7, compute l, for each y and select the one which
satisfies:

min HA,#-B-12  (4.13)

As discussed earlier performing this computation for every possible y is unnecessary.
To eliminate some fault indices from consideration construct a set Fcl(N,nf) of
candidate faults based on the following criterion:

(i) If the i'th entry of rfe is sufficiently close to the nominal
value for the i'th component (e.g. within 10%) then
eliminate from consideration all faults containing
component i.

(ii) If the j'th entry of rf. has the greatest deviation from
nominal then eliminate from consideration all faults which
do not contain component j.

Instead of the minimization in 4.13 perform:

mintAY7-BI 2  (4,14)

The complete algorithm has the structure shown in Figure 4.

5. Limited Fault Algorithm Examples

The purpose of this section is to present two example problems which will
illustrate the theory and limited fault algorithm developed in this chapter. The first
example is based on the 12 parameter circuit of Figure 5. The solution algorithm is
employed to analyze 16 randomly selected faults within this circuit. The second
example is the 26 parameter circuit of Figure 1. Practical implementation of the fault
diagnosis procedure for this circuit requires the use of sparse matrix techniques.
Although the development of sparse matrix algorithms is beyond the scope of this
report the example is included to demonstrate the feasibility of the algorithm for
larger systems.

Example 5.1: Consider the circuit of Figure 5. The circuit input and outputs are:

u, = V 1  Y, = Ic, Y2 = V. (5.2)

The parameter definitions, nominal values and component transfer functions appear in
Table 13.

0
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Table 13.
Component information for Example 5.1

Parameter Nominal Value Definition Z(s,r)

rl .1 1/C 1  rl/s
r2 .5 Rx r2

r3 1. R, r3
r4 1. 1/Cs r4/s
r.1 1/C 2  r5/s
re1. /RB re
r 7  1. 1/RE r?

re1. C ras
rg .1 CE ros
r1a 1. r 10°rio 1. RC rio

r 1. 1/Re

r12 .5 1/RL r12

The nonzero entries of the sparse set of connection matrices, L11 , LIO, L21 and L22

appear in Table 14.

Table 14.
Nonzero entries of the connection matrices for Example 5.1.

L1  row,column value row,colurrn value row,column value

1.6 1 1,7 1 1.9 1
2,11 1 1,12 1 2.7 1
2,9 1 2,11 1 2,12 1
3,7 1 3,8 -1 3,9 1

6 3,10 -1 4,10 1 4,11 1

4,12 1 5,12 1 6,1 -1
7,1 -1 7,2 -1 7,3 -1
8,3 1 9,1 -1 9,2 - I
9,3 -1 10,3 1 11,1 -I

11,2 -1 11,4 -1 12,1 -1
12,2 -1 12,4 -1 12,5 -1

L12  6,1 1 7,. 1 9,1 1
1,1 -1 121 1 1

L 2 1  11, - 1,2 1 2,4 -1

1,5 -1 2,6 1 2,7 1
2,9 1 2,11 1 2,12 1

[ L o 1,1 m V , 1 -_____vi __ _a

The nonzero entrics of ILi' and V. comii-Led via IMSU Bj rout.Ine3 1,GINF and LLSQF
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respectively, appear in Table 15.

Table 15.
Nonzero entries of the I-IR and V matrices for Example 5.1.

matrix row, column value row,cou=i value
LIR I,1 -0.25 2.1 -0.25

4,1 -0.25 5,1 -0.25
6.2 0.2 7,2 0.2
9,2 0.2 11,2 0.2,12,2 0.2

V 1,1 0.866025 2j1 -0.288675
2,2 -0.57735 2,3 -0.57735
3,8 1 4,1 -0.288675

4,2 0.788675 4,3 -0.211325
5,1 -0.288675 5,2 -0.211325
5,3 0.788675 6,4 0.861803
6,5 -0.138197 6,6 -0.138197
6,7 -0.138197 7,A -0.138197
7,5 0.861803 7,6 -0. 138197
7,7 -0.138197 8,9 1
9,4 -0.138197 9,5 -0.138197
9,6 -0.138197 9,7 0.861803

10,10 1 11,4 -0.138197
11,5 -0.138197 11,6 0.861803
11,7 -0.138197 12,4 -0.447214
12,5 -0.447214 12., -0.447214
12,7 -0.447214

For q=2, s, = jlO and s2 = j.6 and U(s 1 )= u(s 2 )= 1 we compute the following
nominal a,:

157584e+00 ~-.35388 7e-01
-. 333415e4+00 -. 130905e+00
-. 323898e4+00 -. 627419e-01
.634977e+00 -.121971e-01
,300373e-01 -. 105105e+00

- .803794e-01 + j -.732278e-01 (5.3)
-.290531e+00 .359565e0
.398368C-01 -.384998-01
.384996+0O , .398368e+00
.398368e-0i -.384906e-01i

• ,



-. 161031e+00 -. 167796e+00
.399337e+00 -. 395931e+00

-. 24714e+00 -. 709381e-O1
.705033e+00 .756794e -01
.275746e+00 -. 126582e+00

= a2 182022e+00 .153923e+00 (5.4)
-178041e+00 -. 116167e+00
.213281e4-00 -. 420248e -0 1
.25214ge-01 .127968e+00
.213281e+00) -. 420248e-01

This nominal data is used as a starting point for the solution algorithm.

The next step in the example is to simulate several 3-faults (3 parameters differ
from nominal) and see if the solution algorithm works. Table 16 displays a set of 16
randomly selected fault indices and corresponding faulty parameter values. Each of
these faults was simulated and the resulting measurement data applied to the solution
algorithm. The final column in Table 16 indicates the performance of the algorithm for
each fault. In 11 of the 16 cases the algorithm correctly identified all faulty
parameters and determined their actual values. In four cases two of the three faults

a were correctly identified and in one case the algorithm selected as faulty a component
which was actually good.

Table 16.
Fault list and algorithm performance summary for s1 =j 10. and S2=1.6.

Actual Fault Index Faulty Parameter Values Algorithm Fault Index

<6,7,10> re=.5 r-,= 2. r10=2. <6.7. 10>
<2,5,9> r2 =1. ro=.05 rq=.2 <2.9>
<1,4,9> r 1 =.2 r4 =.5 rg=. 2  <1,4,9>
<2.5.6> r 2 =.3 r5 =.07 r6=1. 4 <2,6>
<4,5.9> r 4 =2. r5=.05 rg=.2 <4.5.9>
<2,6,1 1> r 2 =. re=.5 ri1 =.5 <2,6, 11 >
<2,6,12> r2 =1. re=.5 r, 2 =.25 <2,6,12>
<7.8,9> r7 =.5 r8=2. r9=.2 <7,8,9>

<2,4,12> r2 =.25 r4=.5 r 12=.25 <2,4,12>
*<5,6.8> r,5.05 r3=. 7 ra=1. 6 <6,8>

<2,8,10> r 2 =.25 ra=2. r10=2. <2,8,10>
<3,4.7> r3 =.5 r4=2. r7= 2. <3,4,7>
<3,6.9> r3 =2. r,=.5 r9=.2 <3,6,9>

<3,7,12> r 3 =2. r7 = 2. r12=.25 <3,7, 12>
<2,4,5> r 2 =.3 r4 = 1. 5 r5 =.07 <2,4>

Although the circuit is theoretically 3-fault diagnosable the results in Table 16
indicate that there are some practical problems associated with the determination of
certain faults. For any given fault thc most reliable indication of the theoretical
1r0pai-dity to determine tHe fault is a test of the Jacobian evalualtcd at thrc fault. but

*h- r:vci;1 -,inCn it irno1~f,:ibC )th
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diagnosability test is based on of the rank of selected columns of the Jacobian, J,
evaluated at the nominal point. Theoretically the results at the nominal point hold for
almost all faults. Unfortunately it is quite possible for a matrix which is theoretically
full rank to be less than full rank for a solution algorithm due to the finite word length
of the computer.

A technique for circumventing this problem is to perform the diagnosis at several
sets of test frequencies. Only those faults which are poorly conditioned at all test
frequencies used would not be detectable. Suppose that the present example is
repeated with the following test frequencies: s, = j4. and S2 j.2. The resulting
nominal a. are:

-. 152138e+00 -. 306290e-01

-. 291921e+00 -. 223071e00
-. 309870e+00 -. 464630e-01

.639839e+00 -. 967588e-02
'" .411483e-01 i  -,825390e-01 (5.5)

- .892647e-o1 + .328109e-01

-. 343296e+00 .961794e-01
.673079e-01 -. 667572e-01

.267029e+00 .269232e +00

.673079e-01 -. 667572e-01

.522551e-01 -.460309e+00

.550190e+00 .771991e-01

-. 196403c+OO -.890725e-01

.577404e+00 .307545e+00

'304301e+00 .939940e-01
_= -. 246162e+00 + J -. 347141e-01 (5.6)

-.898594e-01 -.883199e-01

.20116,3e +00 .788478e-01
-. 157696e -01 .402325e-01

.201163e+00 .788478e -01

The results of the diagnosis of the same 16 faults appears in Table 17.
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Table 17.
Fault list and algorithm performance summary for s1 =j4. and s2=j.2.

Actual Fault Index Faulty Parameter Values Algorithm Fault Index

<6,7.10> re=.5 r?=2. r1 o=2. <6,7,10>
<2,5,9> r2 =1. r.=.05 r 9=.2 <2,5,9>
:1,4,9> rj=.2 r4 =.5 rg=.2 <1,4,9>

<2,5,6> r 2 =.3 r 5 =.07 r= 1.4 <2,5,6>

<4,5,9> r4 =2. r 5 =.05 r9=.2 <4,5,9>

<2,6,11> r2 =1. re=.5 r, 1 =.5 <2,6,11>
<2,6,12> r 2 =1. re=.5 rl 2 =.25 <2,6,32>
<7,8.9> r 7 =.5 r8 =2. rg=.2 <5,7,9>

<2,4,12> r 2=.25 r,=.5 r 1 2=.25 <2,4,12>
<5,6,8> ro=.05 re=.7 re= 1.6 <5,6,8>
<2,8,10> r 2 =.25 r 8 =2. r 10 =2. <2,3,10>
<3,4,7> r 3 =.5 r4 =2. r7 =2. <3,4,7>
<3,6,9> r3=2. re= .5 r 9=.2 <3,6,9>

<3,7,12> r3 =2. r 7 =2. r1 2 =.25 <3,7,12>
<2,4,5> r2 =.3 r4 =1.5 r5=.07 <2,4,5>
<5,7,12> r 5 =.05 r 7 =2. r1 2 = 1. <5,7,11>

A diagnosis based on the combination of the results of Tables 15 and 16 identifies
ALL faulty components in the sixteen randomly selected fault combinations. The only
diagnosis errors are three of the sixteen cases in which a good component was
identified as faulty.

Example 5.7: Next reconsider the circuit of Figure 1. Due to the large size of this
example a detailed analysis is not feasible without the utilization of sparse matrix
techniques. Although the adaptation of the solution program to sparse matrices is
beyond the scope of the current research a limited analysis of the example is included
to demonstrate the feasibility of this approach for large circuits and to illustrate some
of the properties of the algorithm.

The choice of inputs and outputs are denoted in the figure as aj and yi
respectively. For this example N=26, no=4 and p=22. Notice that five of the seven
accessible nodes are utilized to provide the single input and four outputs shown in
Figure 1. Normally it would be desirable to utilize all accessible points to acquire the
maximum of available information for the diagnosis procedure however we have
elected to let n1=5 and wish to illustrate the case where no<nf.

The nonzero entries of the sparse set of connection matrices, L12 and L2 1 , appear
in Table 18 and those of 1,] appear in Table I (Chapter i). All entries of L22 are zero.
1The computation of L1 R and V was performed via the IMSL[8] routines LGINF and LSVDF
respectively. These too are spare matrices with their nonzero entries given in Table
1 8.

S]
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Table 18.
Nonzero entries of matrices for Example 5.7.

* i row,column value row,co]umn value row,column value

L 12  1,1 1

L21  1,1 1 2,9 1 3,19 1

3,26 1 4,22 1

L21 1,1 1 9,2 1 19,3 0.5
22,4 1 26,3 0.5

V 2,2 1 3,3 1 4,4 1
5.5 1 6,6 1 7,7 1
8,8 1 10,9 1 11,10 1

12.11 1 13.12 1 14,13 1
15,14 1 16,15 1 17,16 1
18,17 1 19,1 1 20,18 1
21,19 1 23,20 1 24,21 1
26,1 -1

The component transfer functions are: Z(s,r,) = ris for i=4,5,10,11,16,17,23,24 and
Zi(s,ri) = ri for the remaining i. The nominal component values as well as parameter
values for three 5-faults appear in Table 19. Note that the component values are
scaled to improve the numerical condition of the problem. The impedance scale factor

* " is 102 and the frequency scale factor is I07,
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Table 19.
Nominal parameter values and selected 5-faults.

component units nominal fault 1 fault 2 fault 3
_ _ ".,"<4,13.18,20,22> <1,9.13,20.24> <3,6,14,17,25>

1 ohm 12 12 16 12
2 mho 0.1 0.1 0.1 0.1
3 ohm 58.7 56.7 56.7 35
4 farad 50 80 50 50
5 farad 5 5 5 5
6 mho 10 10 10 5

7 ohm 30 30 30 30

8 mho 0.1 0.1 0.1 0.1
9 ohm 10 10 3 10
10 farad 50 50 50 50
11 farad 5 5 5 5
12 mho 10 10 10 10
13 mho 0.3 0.2 0.5 0.3
14 ohm 10 10 10 15
15 ohm 2 2 2 2
16 farad 50 50 50 50
17 farad 5 5 5 8
18 mho 10 18 10 10
19 ohm 10 10 10 10
20 mho 0.3 0.5 0.5 0.3
21 ohm 10 10 10 10
22 ohm 10 6 10 10
23 farad 50 50 50 50

24 farad 5 5 3 5
25 mho 10 10 10 15
26 ohm 0.78 0.78 0.78 0.78

The number of test frequencies is q=2 and the inputs and test frequencies are:

u(s,)=u(j.2)=2. u(s,)=u(j.01)=.1 (5.8)

The nominal values for the a., i=1,2 appear in Table 20.
;0

0l
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Table 20.
Nominal values for ex and a2.

real Dart iman. Dart real part . ima. Dart

-. 658870e+0O -. 460866e+00 -. 236072e +00 .357115e+00
-. 956600e-04 -. 380546e-03 .155763e-03 -. 658132e-04

.160988e+01 -. 27216We+01 .910666e+00 -. 332734e+00

.380b46e-01 -. 956600e-02 .329066e-03 .778815e-03

.182796e+01 .237069e +00 .234965e-01 .270696e-01
-. 956600e-02 -. 380546e-01 .155763e-01 -. 658132e-02

.312299e+00 -. 125561e+01 .501926e+00 .106119e+o0

.103920e-03 -. 5714lOe-02 .830079e-03 .886948e-03

.5714 lOe+00 .103920e-01 -. 433474e-02 .415040e-02

.125561e+01 .312299e+00 -. 530596e-02 .250963e-01

.103920e-01 -. 571410e+00 .830079e-01 .886948e-01

.245900e+00 -. 175069e +00 .434513e--01 .524036e-01
.770900e-02 -. 193858e-01 .101418e-01 -. 268636e-02
,543437e+00 -. 237413e+00 .20755 le +00 -. 441227 e-0 1
.193858e+00 .770900e-01 .134318e-02 .507090e-02
.512714e-01 -.250221e+00 .410939e-01 .476014e-01
.770900e-01 -. 193858e+00 .101418e+00 -. 268638e-01

.198924e+00 -. 307626e+00 -. 201038e-03 .285215e-01

.444493e-02 -. 254349e-02 .357117e-02 .211851e-03

.254349e-01 .444493e-01 -. 105925e-03 .178559e-02

.173045e+00 -. 351821e+00 -. 452230e-03 .247148e-01

.444493e-01 -. 254349e-01 .357117e-01 .211851e-02

The results of algorithm for this example comprise Table 21. The program
*correctly identified faults 1 and 2 and four of five faulty components in fault 3. The

difficulty in identifying parameter 14 is another example of a poorly conditioned

problem however in this case the difficulty is not frequency dependent. The sensitivity

' of the four outputs to changes in parameter 14 is extremely small at all test

frequencies. Under such a circumstance it is reasonable to expect difficulty in

determining the parameter since the outputs contain little information about it.

Table 21.

Results for example 5.7.

fault # actual y solution Y

1 <4,13,18,20,22> <4,13,18,20.22>

2 <1,9,13,20,24> <1,9,13,20,24>

3 <3,6,14,17, 25> <3,6,17,25>

This solution is a good example of the reduction in the number of fault

'4 combinations which results from the determination of a feasible point. For this

example nr= 5 and N=26. Consequently there are C20 5 or 6.5780 possible fault

combinations. Thus a "brute force" approach to this example requires the solution of

65I11) (iferent sets of fault diagnosi:- eqal ions. One theL other hand the algorithm

.. .. 'p~ hcre (ind; a lini. , fe, , pnint (ir;I a d then ,ceitrelie s for the fault

SaMnIu n_', dic pranicters wich deveiteo sig, ficantLly from noniinal it the fveasible point.

4,
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For example in the solution for fault 1 there were 10 parameters which deviated
* greater than ±10% from nominal. If the remaining components are considered good

and the parameter with the greatest deviation from nominal is considered definitely
bad then four faulty components remain to be found from nine possibilities. This
means that the algorithm must test C9.4 or 126 different faults. This is significantly

* .. fewer that 65780.

These examples employed a FORTRAN program based on the solution algorithm
described in the previous section and compiled and executed on a VAX 11/780
computer. It is also noteworthy that both examples identify a reasonable number of
simultaneous faults while achieving the goal, nVI;set in [10].

* . 6. Conclusions

Clearly the Tableau Approach is readily adaptable to the assumption of a limited
U number of simultaneous faults. The major problem associated with this assumption is

the need to avoid testing the enormous number of fault combinations which occurs for
large systems with more than a couple of faults possible. The algorithm developed
here avoids this problem by utilizing the information available at the surface
described by the equality constraints. The most significant aspect of this approach is
that it does not require the number of test points to be greater than the number of
assumed faults. This allows a reduction in test point requirements over other
methods.

.0 . . . . . . .
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N APPENDIX A- Full Diagrno:sis Progsram

LATEST VERSION-------- 6 DEC .32------------------------
P: rF-qr -a m d r i.. e r i r P Ut C Iut PUt, ta P c5 i nr- u t ta P-e UtP Ut

5:Thi s Pr-ogram s:l'..'e-s t he -faul t ia gnr .':i s e quia ti nris1 und-er
C:the assumptiorn that the equilati or. ar-- qu1adrtic par-S e

mati>~tecohrii ques are rnot uised. Sinrie -all mtatri :es aire
SPAr Se.- a s~-ars Matrt:: i rrt i emfertati or is ad.v.i sable.

Deuci or-mert stage be-sur *21 Apr-il 19.82.
Fi nished wmith ::omp-iFl eticor. of ChaF5 or. Julvy 19. 1982.
Mo ii fiedi f or- CAS F aper- i: tocber 9 1182.
Mcdi fi ed t': ol-' for nor-malized ar'ametcrs Der-ember. l922
Mm:'di fieci to us_:e 1 bq:f' inrstead of 11 5qf December 6. 19':

This- v..er-si or uses the Neli.tor,-Ra~-hs:n searc-h dir -ec:ti'o.n but
use.--s the fac-:t that the ucomr-orocrnts oif F :)ar-c qujarati C; to

i rte~olteI Fk-y) I**'2 alorng the searc-h drci'r.Si rine
I IF(>r II *2is-z fourth crder a fiv..e -o,-i nt inrterpoclatior; isE

c e>:act.The inrterF-olargt is used to finrd the F.-ci nt alnorq the
c: Sear ch ijirecti or fr- ioiiich I IF&:-:.)1I **2 is minrimi ze'i.

* c: '--arial e list

inr t c -;cers

: rn rumbotier of Pr-amCet rs . a 1 sc r o" ;iimen; io orfc Z

i~: -qnumber of test f-re-iiueries

P ilimer;i or.,of the ami -i.3 t.-

Cin d i merisi or o jf t.h e i rPaUt i.ectu

0 iU dirrisiorin of the i~liJtpt autcr

2pZ i P-" er) P+ :11. Ze r" u 11, -s1.. +1

iF irnte:et- iorI.4 '-e cor used toi rr- rs t-uin~ 1-5-1

Ck t, u sed to- i msl rouiiti r e 11 s -qt
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*. o I 1 corm connection matrix

o 112 corn connection matrix

o 121 com connection matrix
o

c 122 com connection matrix

o 121r risht inverse of 121
0
o v matrix of basis vectors for the null space of 121

,0

Co rnom nominal Parameter values

c ract actual Parameter values

o rkth parameter valuei: during the iteration Process
o

o rkthnm rkth/rnom (normalized unkno,.n)
C

, dev deviation from nominal for actual
0

o a real matrix equivalent to if
0

, ff equivalent to f (see f)

o dd equi)alent to d (see d)
0

, Xx equia.)lent to x (see x)
c

- , tol used b"-r imsl routine 1 f

o n crm s function name

C lambda fun,::ti on name

Cn:: 9 arra', of function .salues alons the search direc-tion

G timel besi nni ng cP~u time

c time2 endin ,pu time

,n. ,:: om P1 e1

0 s arra.-y of test fr-eqerioi es ( equiv. to ss)

o U arra,, of i rput ,e:tc -rs ( eq'1iv to , iU )

f right hand .,:ector of alsot. (equio.i to f f

cd search directi,,n (equik.' to dd)

o x point alor, search diretirn (e uiku. to ::)

C: tmrp tem"orarv stora.e

o aa work storage
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S. ..mnom array of nominal test outPuts (eluiv. to Yymnom)°C
alpha array of nominal ambiguity vectors (equiv. to aalpha)

o ymact array of actual test outputs (equiv. to Yymact)

o Since the free-format read(5,*) won't read complex numbers
the variables s, u ymnom, alpha, ymact are made equi,..alent to

' c real arrays of double size. The reals are read but the
o complex are used.

logical oonvrs
integer n, q, P, in, ou, zpow(30)
integer Ida, ld.if, d111, ldaO, ldbO, ldal, ldv, ip(200), kb
real 111(30,30),112(30,5), 121(10,30),122(10,5),121r(30,10)
real v(30, 25),rnom(30),ract(30), a(250, 250), f f (250), dd(250)
real ss(19), uu(10,5),yymnom(20,5).aalpha(50,5).,ymaot(20,5)
real normsq, lambda, tol,xx(250). q(5), dev(30)
real timel, time2, rkth(30), rkthnm(30), c(4)
complex s(5), u(5,5),Ymnom(10,5),alpha(25,5),ymact(10,5)
complex if(150,250), d(125), f(125), bO(30,5),aO(30,5)
complex tmP(200),aa(30,5),x(125)
equivalence ( ss, s), ( Uj, U)P (aalpha, alpha)
equivalence (yymact, ymact), (Yymnom, Ymnom)
equivalence (f f ), (dd, d), (xx, x)

call second(timel)

oC: set the row dimensions

1 da=250
1 dJ f=150
1 dl 11=30
1 d,.=30
odal=25
1 daO=30
I dbo=30

~ set Precision of solution ie. 01 = 1%
Prec = . 001

o Input secti, r
o read in from standard input
c

read(5, ) n, q, p. in, ou
read(5,*) (rnom( i), i=1, n)

6 read(5,*) (raot(i), i=1, n)
do 55 i=1, n

55 read(5,*)(l11(i, .Ji), =1, n)
do 60 J=, in

60 read(5, *)(112( i, i), i=1. n)
do 65 i=1 , ou
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65 read(5,*)(121 (i, j),.j=1, n)
do 70 J=131in

* 70 read(5,*)122(jii),i=1, ou)
do 75 1=1. ou

75 read(5,*) (121r( i, *J), i1., n)
do 80 i1l. P

so8 re-ad(5,*)(v(i,.i), i=1.n)
r-ead(5. * ( zpcpi( i ) - iti, n)
read(5.*(Hss(ji) j=1, 2*q)
do 85 i=1. in

85 read(5, *) uu(2*i-1, J1). uui(2*j, .j), J=l, q)
do 90 i=1. oui

90) read(5, *) (Yrnom(2*i-i, .J), Yymrom(2*j, .J), *j11, q)
do 95 i=1, P

* 95 read(5, *) (aalpha(2*j-1. j) -aalphaL(2*i, j), j=1,q)
do 100 i1l. cii

100 read(5, *) lymact(2*i-1, i),vvymaot(2*i, .i),.i=l, q)
c:

nraph0O
i tmax=200
do 98 i=1 ~-

98 read(5, &eridl1l)
r ead ( 5, e, endl (l )onra Ph, i tmaLx

C Print a Prosram headi ns
101 write(6 11)2)
102 f -jrmat(//5..::, 3ShFaul t Diagnosi s Progqram-Tabl eau Method9,

& lOx, 28h( Interpolate to finrd lambda)
wr i t e( 6, 103

* 103 fiormat( /10x-c i~hNomriinal Parameters)
i.''rite(6. 107) (r( i, )=%rnc,)( i ), i1. n)

107 f orma t(4 (3x., a2, i 2 a2, e 1 o. 4))
worite(6, 110)

110 fomt 1x l-hTest Fre-querici es)
do I11 j1l,q
sr i t e(6, 112) i, sU()

ltr i t e(6. 113)u J, i)Ji= 1, 2* in)
ill cc'rentirnue
112 f ormat( 12::. 2hs-(.. i2, 2h) =, eli1. 4, 3h 4'. el1. 4)
11:3 f ormat( 12x, 2hu=. l0( f4. 1, 1:x,: f4. I. 5x)

C: Compute the ve:tor Va) =121rf-,mact-122*,j"

doi 130 i=1, q;
do 125 .i1, cou
tm p(..J)Om plx(v.-.0
dci 120 k=1. in

120 tmP( i ) = tm P(j ) +122( . k)*u k, i
125 tmro( )=vmact( J1, i )-tmt( .i

do 130 11. rn
bO)I i c=mpP 1:4i) , 0,
dci 130 k. c)iu

* 130 bO(i- i)=b().i. i)+121-.(ji.k*m()
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o Compute the vector aO

do 204 i=l, q
do 204 j1l, rn
aO( i, i)=Cmplx(0. .0.)
do 201 kl=, n

201 aO(j,.i)=aO(,i,i)+111(j,k)*bO(k,i)
*do 204 k1=I in

204 a0Qi-, l)=a0( J, i)+112( j, K-)*u(k, i)
C

* C

* do 280 ij, n
rkthnm( i )1.

280 dev( i)=(ract( i)-rnom(i) )*100. /rnom( i)
i ter0O
xlam=-1.

290 iteriter+1
i f (iter. st. i tmax) so to 900)

do 295 izi, n
295 rkth(i)=rkthnm(i)*rnom(i)
o evaluate f

do 300 i=1. q
cal 1q1ua df f (ji*rng-n+ r k.t h a1P h a(1,j),s j).z Powe,111,1 d111,

& v, &d,a((1, 0', b0(1, i), n, P, tmrl
300) continue

i f(normsq( ff, 2*n*w). Ile. 1. e-10) go.v to 900)

* C stop because the alaorithm appears stuck in a relative mi n.
i f(::l1am. e q. 0. ) wr it e(6. 305)

305 format( 10x, S7hcaught in a Point of relativ.e minimum)
if (xlam. el. 0. ) stop

*.& v, ldv, a0 Ilda0, b0, ldbO. tm P, aa)

CuCall 1cxtorl (a, Ilda, Jf, l dif, n. p, q4)

crPar- since -Jacob Computes E Partial f / partial rkth )
*C the last n Columns of the matrix a must be ad-justed to get

C I partial f ./ partial rkethnm I
do- 315 i=1,2*rn*q
do 315 .Ji 1 n

a :315 a (i, 2*p*q4+ J)=a (i, 2* p*q-+ J) *rn emA
ro par

osee imsldoc lls-qf for meanin; of to
t c' =1

O value for kb indicates a is assumed to have independent e:ls

use lisif to find the search direction
C: llSif is from the imsl librar-y

cxxx Call llSif(a, ldaL,2*n*q,2*p*q+n. f, toE lkb, d.tmr. ip. ier-)
o ddd

n f1
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i nd=l
- 0( 1 )=0.

o(2)=0.
0(3)=1.
call llbqf(a, lda, 2*n*q, 2*p*q+n, f, lda, nf, ind, c, d, Ida, ip, .if, ier)

cddd
NOTE: the r Part of d is normalized

c, option to skip the lambda determination and set it to -1

if(iter. le. nraph) so to 400C

do 319 J=1, q
do 319 i=1 p

:319 x((.J-1)*P+i)=alpha(i, J)-0. O*d( j-l)*P+i)
do 321 i=l, n

321 x>:(2*p*q+i)=(rkthnm(i)-0. O*dd(2*p*q+i))*rnom(i)
. the -0. 0 is the lower end of the interpolation data

* C compute f unction I f1**2 at lambda=O. -. 25 -. 5 -. 75 -1.
do 339 ilam=1,5
do 333 i=1, q
call qud'f inn l,>-(2 P 4l, (i1 ~ ) s(i), zP-oo.,

& 111, ldl111,v, ldv,aO(1, i), bO(1, i), n, p, tmp)
333 continue

g(ilam)=normsq(ff,2*n*q)
do 329 J=l, q
do 329 i=1,p

329 x( (-1 ) p+i)>:( (-1)x )P+i )- 25* d( (1-1 )*P+i
do 331 i=, n

3:31 xx(2*p*q+i)=xx(2*p*q+i)-. 25*dd(2*p*q+i)*rnom(i)

c the -. 25 i-s the increment between the interpolation data
339 continue

xlam=lambda( s)

o update the alpha's and r

400 continue
do 410 J=l, q
do-- 410 i=1, P

410 alpha( i, J)=alpha( i, .i)+x:lam*d( (..i-1)*P+i)
co nvr s= true.
do 420 i=1, n
i f(abs(xlam*dd(2*p*q+i)), st. Prec) c:onvr=, false.

420 rkthnm( i ) =rkthnm( i )+.lam*dd(2*FP*+i)
if'(con'vrs) so to 900

. write the Parameters as a Prosress report
,write(6, *1 " rank of a ',int(c(4)

if(iter. st. nraph) then
wr ite(6,455) it er,:x:lam

else
write(6, 456) iter-, 'lam

endif
455 format(/5x,26hnormalized r at iteration , i3. 4:,.--,

& Sh( lambda = , e12. 5, lh))
456 forma t(15x, 26hnormali2ed r. at iteration .i3, 4:x.

& 8h( lambda=, e12. 5, 8h: forced)
,..ri te(6, 457) (rkthnm( i ). i1 n)
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457 format(5, 4e15. 5)
go to 290

o write out final values
900 continue

call second(time2)
write(6,923) iter-l, time2-timel

923 format(/5x, i, 2x, 16h iterations and ,e12. 6, 14h sec. required)
writ e(6, 925)

925 format(/5x,36hParameter Values at Solution Point
& 19h% dev. from nominal, 17h % error in sol.)

do 950 i=l, n
927 format( lOx, 2hr(, i2,4h) = e11. 4, 1Sx, 1O. 2,5x, flO. 2)
950 write(6,927) i,rkthnm(i)*rnom(i). dev(i),

& 100. *(ract( i)-rkthnm( i)*rnom( i ))/ract( i)
stow

end

subroutine iuadf (f 9 r, alph, s, zpow, l111, 1d111 v, ldv, aO, b0, n, P. tmw)

o This routine computes the nonlinear function which corresponds
o to the fault diagnosis equation at one test frequency.
c

c argument list:

* f output: f =Z(s .r)EL Valrh +aO(s U-Valwh -bO~s

,* C 1

0 c r i nwut: Parameter v.ector
c
o al Ph i nwut: ambiguity v.,ector-

*. 0

c s input: test freiujencvy

o zwOW input: exponent of s in Z

0

o 111 input: com connection matrix

. a ldlll input: row dimension of III in calling Program

* a

c v input: null space basis of 121
c
oldv input: row dimension of v,[ in calling pro-gram

o rO input: Particular solution for a

a bO Input, articular sol uti n for b
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C

n input: number of parameters & row dimension of Z

* C p input: number of columns in~ v
0
o trap input: temporary storage (at least 2*n)

.. 0

integer zpow(1), n, P I ldlll, ldv, i, ..i
reaIl r(1), 111( 1d11, 1), v(ldv, 1)
complex alph(1),s,f(1),aO(1),bO(1),tmp(l)

do 20 i=1, n
tmp ( i)=O.
do 10 j=l, e

10 tmP( i )tmP(i)+( i, j) *a Ph(.)
20 f(i)=-tmp(i)-bO(i)

do 40 i=1, n
tmP(i+n)=0.
do 30 .i=l, n

30 tmp(i+n)=tmp(i+n)+111(ij)*tmp(J)
tmP(i+n)=tmP(ii+n)+aO(i)

40 f( i )=f( i )+r( i )*s**zpow( i )*tmp(i+n)
return
e rid

0

subroutine .iacob( f', 1 di f , r, alPha, da , 1 , n, p, q, zPow. 111, d111,
& .o,, 1 dv, aLO, 1 daO, bO, 1 dbO, trrP, aa

C

This routine Computes the fa,lt diagnosis jacobian to be
* c used in the Newton-Raphson or other iteration schemes.

c ar.ument list

c if output: the iacobiar| matri:x.

c 1d.if irp"ut: the row.., dimension of ..if in the calling Program
C*
r r inFut; i arameter ,..)e::t or

-al Pha i nwut: matrix of ambi sui tv -,ectr.,t-.s

- Idal input row'.L, dimension of -alpha in the cal ling program

C: i nput: at-rav" of test frequeri.i es
C;

6
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C. n input: number of Parameters & row dimension of Z

SP input: number of columns in v

c input: number of test frequencies

c zPow input: exponent of s in Z
c
c 111 input: com connection matrix
0

o idlil input: row dimension of 111 in calling Program
C

c v input: null space basis of 121

c ldv input: row dimension of v in calling Program
~c

o aO input: array of Particular solutions for a

c IdaO input: row dimension of aO in the calling Program
0
0 bO input: array of Particular solutions for b

* r

0 ldbO input: row dimension of bO in the calling Program
C

c tmp input: temporary storage (at least 2*n)

o aa input: work array (at least n*q)
C

o Note: For arrays alpha(i,.j),aO(i,j),bO(i,J) & aa(i,..) the
o subscript J means the data of this column corresponds to
o test frequency s(J).

integer zpow( 1,aO),. n, p, q, id.iff, ldal, ldlll, dv.,, ldaO, ldbO
integer i, j, k, J.J
real r(ldaO),11(ldlll,ldlll),v(ldv,ldal)
complex .if(ldJf,ldJf),alha(Idal,q),s(q),aO(ldaO,0.bO(ldbO.q)
complex tmp(ldjf),aa(n. q), s2

*C

C Compute the vector aa=L11*V*alpha+aO
C

do 304 i=1,
do 301 J=1, n
trp( j)=Cmplx(O. .0.
do 301 k1.=,P

301 tmr( J )=tmP( .j )+u( i, k)*al Pha k, i
V do 304 j=l n

aa( , i )=O(.. i)
4 do 304 k=, n

304 aa( j, i )=aa( J, i )+111 (., k)*tmp( k)
* C

0 Compute the Jacobian JF(-.)

do 601 i=l, n*

6-
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do 601 J=l, q*p+n
601 Jf(i, J)=cmplx(O. 0.

" . do 610 k=l, q

do 605 i=1, n

- c Compute dfi/dr * si(alphai)

sz=s( k)**2pow( i)
f f( n*( k-1)+i, q*p+i)=aa( i, k)*sz

*' do 605 i=, P
do 605 .ij=l, n

C Compute Z(si,r)*L11*V-V

: 605 .if(n*(k-1)+i,p*(k-1)+J)=
& .f(n*(k-1)+i,p*(k-1)+j)+l11(i,ij)*v(jJj)

do 610 i=l, n
do 610 j=l, p
sz=s( k)**zpow( i)

610 if( n*( k-1)+i, P*( k-1)+J).Jf( n*( k-1)+i, P*( k-1 )+i)*r( i) *sz-v( i, i
C

return
a end

c

C

subroutine oxtorl (a, ida, .i f, di f, n, p. q)

,.o. This routine converts the complex Jacobian into an
c equivalent real matrix. Note: The conversion is somewhat
c of a hybrid since the original unkno.n vector is Part
c complex (the alpha's) and Part real (the r's).

o argument list.
C

' a output: the real equivalent of -if
c

o ida input: the row dimension of a in the calling Program

J if input: the complex matrix to be ,::on.erted
c

c Idif input: the row dimension of if in the ::alling Proram

o n input: the dimension of r, the real sub-vector
0 P input: the dimension of each complex sub-vectorK' input: the number of comp lex sub-vectors

r-



54

inteser lda, ldjfjnpp. qPit j
real a(lda~1)
complex Jf(ldif,1)

c

do 82') i=1, n*,q
do 810 i=1l p*-q
a(2*1-1, 2*j-1)=t-eal(jf( i,J))
a(2*i, 2*J)=real(jf (i, j))
a(2*i-1,2*j)=-aimag(jf(i,j))

810 a(2*i,2*j-1)=aimaq(jf(i,j))
do 820 .i1, n
a(2*i-1,2*p*q+j)=realijf(i,p*q+j))

820) a(2*i,2*p*q+j)=ajmagt~jf(j,p*q+Ji))

return
end

real functi on normsq( f, n)

ell intesYer n~ i
real f n)

n orm s q=Q.
do 10 i=1,n

*10 norm Sq=norm~q+f()*f(j)
ret urn

end

* real functi on lambda( s)

o This Prosram uses 5 Points along a function s4(.) to find the
o Point, lambda, at wvhich the function is -a minimum. The ordinate

* c Points are assumed to be 0. 0, -. 25, -- 5, - 7'5 and -1

* o I fs( x ) then
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o 10 0 0 0 11 lall I9(-0.0)l
c 13. 90625e-3 -1. 5625e-2 .0625 -.25 11 1a21 Ig(-. 25) I
c I .0625 -. 125 .25 -.5 1lx1a31 = I(-0. 5)1
c 1.31640625 -. 421875 .5625 -.75 11 1a41 I(-. 75)1
c I 1 -1 1 -1 11 la51 I:(-1. 0) 1

o vand * a -

. e variable list

0 real

- 9 i nput: contains 9(-0 0) ..... .q(-1. 0)

C vand data: ::ontains the vandermonde matrix

..)and2 waork: scratch copy of vand to compute a
. o note: It would be more efficient to use the inverse of

c ,..and here.

" c a work: coefficients of the interpolant
c becomes the coefficients of 1st derivative

c complex

" ,work: the zeroes of the 1st derivative

o subroutines

c leitlf linear eiuation solver from imsl

c zPolr Polynomial root finder
o

integer i, .J
real vand(5, 5), vand2(5, 5), a(5), g(5),,.wk( 10)

comelex z(3)
data vard/O. , 3. 90625e-3,. 0625, . 31640625, 1. ,0. -1. 5625e-2, - 125,

& -. 421875,-1. , 0. ,. 0625,. 25,. 5625, 1. , 0. - -. 25, -. 5, -. 75, -1.
& 1. 1.,1.,1.,1./

C set fmin to the value of the fun,::tion at the current Point so that
* only Points rePresentin9 a decrease from this value oan be selected

fmin=g(1)
d: 80 i=1,5
do 80 J=1,5

8) vand2( i, ..i)=-,and( i, .J)
call leqtlf(vand2, 1,5,5, ,,wwk. ier)

c Print the coefficients
write(6, 100) (5-i, q(i) i=1, 5)

100 f orimnat(//5( 1ha, iI, lh=, eIO. 4, 2>))
iroot=O

c find coef. of 1st derivative
do 10 i=1,5

10 a(i)float(5-i)*s(i)
c find zeros of 1st derivative

oall 2polr(a, 3, z, ier)
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c

do 50 i=, 3
if cabs( z( i)) t. I. e15) so to 30
if(abs(aimas(z(i))). 9t. 1. e-5) so to 30

" this Prevents a search in the opposite direction
c if (real(z(i)) t. O. ) so to 30

flam=real ( z( i))
f ma s=0.

:':: ido 25 k=l, 5

25 fmas=fmas+s(k)*flam**(5-k)
if(fmin. le. fmag) so to 30

* .iroot=i

fmi n=fmag
30 continue

* 50 continue

if(iroot. rge. 0) so to 90
if(s(1). It. 0. ) then

, if the interpolant is upside down try lambda=l.
lambda=-l.
return

else
I am b da=0.
writ e(6, 99)

end if
99 format(5x,20hERROR: No Minimum H)
90 lambda=real ((iroot))

if (abs(lambda). 3t. 15. ) then
lambda=-.
,,rite(6, *)'error: lambda too large'

endif
return
end

subroutine seoond(time)
real timei : time=cwJtimo

return
end

,' .. ..
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APPENDIX B: Limited Fault Diagnosis Program

EXPERIMENTAL VERSION ------ 11 DEC 82 -----------------------
Program nfmain

, C

- c This Program solves the fault diagnosis e.uations under
- the assumption that the equations are quadratic and that
c the number of faults is limited.

c: De,..velopment stage begun December 6, 1982.
0c Based of the fault diagnosis Program driver. f.
C:

logical convrq
integer no q, P, in. ou, 2pow(30)
integer Ida, ld.if, ldlll, ldaO, ldbO. ldal, ldv, iP(200)
real 111(30,30). 112(30,5), 121(1.,30), 122(10,5), 121r.(30, 10)
real v(30, 25).rnom(30),ract(30),a(250, 250), ff 250), dd(250)
real ss( 10), uu( 10, 5), YYmnom(20, 5), aal Pha(50. 5). Yymact(20, 5)
real norms.lambda, x×(250).. (5), dev(30), beta(30)
real time1, time2, rkth(30), rkthnm(30), c(4)- anull (250, 360)
comPlex s(5), u(5. 5). Ymnom( 10.5). alpha(25, 5). .emact( 10,5)
complex .i f( 150, 300), d(125) f(125) bO(30, 5), aO('(305)
complex tmp(200), aa(30, 5). :.::(125)
equik-alence (ss, s),(uu, U), (aalpha, alpha)
equival ence (.Yvmact, Ymact), ( Ymnom, '.mrom)
equi aler.:e (fe f. f). (dd, d). (::::,::<), Canul1. if

call second(timel)

c set the row dimensions

1 da=250
1 d.i f=150
1 dl 11=30
1 dv=:30
1 daI=25
1 da0=30
1 dbO=30

c set Precision of solution ie. 01 = 1%
Prec = 0000001

*' C

c I nput secti on
0 read in, from standard input

*

I
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read(5, *1 n, q, P, in, ou
read(5,* (rnom( i), i1;, n)

do 55 i=1. n
55 read(5,*)111(i, j), j=,n)

do 60 .irl,in
60 read(5,*)112(ji, .1) i=1, n)

do 65 i1.ou
65 read(5, *)(21 (i,.i), j=,rn)

do 70 .i1, ir
70 read(5,*f122( i, .1), i=1, ou)

doi 75 .i=1.ou
75 read(5, *)(121r( i. Ji) - i=1, rn)

do 80 .1=1,
80 read(5. * (v( i, .i ), i=l, ni)

read(5,)( zpow(),j1.ln)
read(5,)( ss( i). j1,2*q)
do 85 il, in

85 read(5, *) (ui(2*i-1, j), uu(2*i, j.), J1=1, -q)
do 90 il.ou

90 read(5,*)(Yymnon(2*j-l,j.),Yyrnor(2*ij, .i j1q)
do 95 i1.. p

95 read(5, *) (aal Pha(2*i-1, j), aal Pa(*,J), i=l - -)
do 100 i=1. oi

100 r ea d(5, *) (Yyma c t(2* i-l Ij) Yyma c t(2* i, .1) j11, q)

j tmax=20)
do 98 i1.~p

98 read(5, *, endl10l)
na f=1
error=. 15
read(5, *, endl10l) naf, error

C: Print a Programn heading
101 write(6, 102)

* 102 f orma t (..20x, -Fa ul1t D ia 9no s is Pr ogram-Ta bl1ea u Met h o d'.
& 25:, ' CInrterpolate to find lambda)-

write(6, 103)
103 f orma t(./25x, 'N om inal1 Param e ter s)

wr it e(6. 107) ( 'r( i, r)' rnom( n) 1r)
107 for-ma t(4 (3-:, a2, i 2, a2, e10. 4))

write(6. 110)
* 110 for-mat(1/25x. Test Frequernojes')

do III i1. ,g
II 111 IArte(6, 112) i. s( i) uu(-i - i).. .. =,2*irn)
112 f ormat(lIOx, " s( i2, )=.el 1. 4,' +.j " e11. 4,

& 2. ',u=. 10 f 4. 1, +.' f 4. 1, 5

wri te(6. #1 of allowable faults-. af
'.uri teC 6.*) allowable error: '*p error

C:Compute the vector bO =121rfymact-122*u)-

do 130 i=1. q
do 125 .i1. ou
tmp(.i)=cmplx(0. ..

L. . . . . . . .



* do 120 k=1 in
120 tmp( j)=tmp( j)+122( -j, k)*u( k. i)
125 tmp(j)=ma(t( -ji )-tnp(.J)

bO( Ji, i) )cmp1::0. , C0.
do: 130) k=1, ou

'. 130 bO( j, i)=bO(.i, i)+121r,(.i, k)*tmr-(k)

0: Comp~ute the vector a0

do 204 i=1, -9
doi 204 .3=1,nr

d oi 201 k=1, n no 1201 a0 ( J.i. i ) =a()( -j, i )+111 J 3 k)*0 .
doi 204 k=1I in

204 a0 ( .J, i ) a0 ( ..- i )+ 112 .i - k)*u ( k, i

do 280 i=1,nr
rkthnmr( i )1.

280 'iev( i )=(raL,:t( i )-rnrorn( i ) 1*100. .fr-norn( i)
i t er=0
i triext=0
x:lam-1.

290 iteriter+l
jf( jter.q-t. itmax) then

wrA te( 6,*)' i ter'atiocn limrit ex~ceeded'
go to' 900

do 295 i1l,nr
295 r4:th( i)rkthnm( i)*rnor(i)
C ev..al1ua te f

sic :300 j=1, -:
call 1 uadf ( f( i*r-n+1) . th alp~ha( 1, i S ( i ) *ZF':"'b l11 1 dlIl-

frnorm=nocrrr~q( ff, 2*n*q)
w.rite(A. *) I TERAT ION . iter. I F I fr~tr
wjr ite (6, *
i f ( f no'rm. 1 e. 1. e-10) -go to 500

c. stop because the al 9'ri thin ar-pears sturck. in a relative minr.
i f ( x 1lam. e q. 1). ) o.er i t e( 6,. :305)

* 305 fo-rmat(10%, :37h,::au:j.ht inr a poinit of relati..e m~inrimum)
if(X<1aM. eq. 0. ) Sto:p

call .iaecob( .3f, 1 d-i f..rth. aLl ~ha. 1d'al, s, ne. P, -1 2F-0.1.1, 111, 1 'jill,
& '..,1 dv. aLI), 1 da0, bfO. 1 d b0.- tM P, aa)

call I xtorl (a, 1ida, J f, 1 di f9. n.* p, q)
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C par since jacob computes E [Partial f / Partial rkth J the last n column
o the matrix a must be ad-iusted to set E Partial f / Partial rkthnm J

do :315 i=1,2*n*q
do 315 J=1, n

315 a( i, 2*p q+.)=a( i, 2*F.*q+.. )*rnom(.A)
o Par
C use 11 b-qf to firtd the sear-oh directior,n
o llbqf is from the imsl library
oddd

nf=l
i nd=l

c-(2)=1. e-5
o(3)=I1.
call llb-qf(a, da, 2*nr,*.q2*p*q+n. f, lda, nf., ind a::, d, lda, is-. if. ier)

oddd
NOTE: the r Part of d is normalized

do 319 i=1,
do 319 i=i, -

319 X ( J-1 )*PF+i )=al Pha( i, -i )-0. O*d( (..-1 )*F+i
do 321 i=1 r,

321 x(2*p*q+i )=(rkthnm( i )-0. O*dd(2*p*q+i ) )*rrnom( i
o the -0. 0 is the lower end of the i nterp-olation data
C compute function I f1**2 at lambda=0. -. 25 -. 5 -. 75 -1.

do 339 ilam=l,5
do 333 i=1,q
call - uadf( f( i*n-n+1 ), xx(2*p*-4+1 ),(i-i )*p+l ), s(i, zFo-,

& 111, 1dll11,, 1 ldv), aO(1, i, bO(1, it n, P, tm )
333 continue

9( lam)=normsq( f'f, 2*nr,*q)
do 329 J=l,q
do 329 i=1, F-

329 :( ( J-1 *P+i)=( ( j-1)*P+i)-. 25*d( (i-)*F-+i)
do 331 i=1 n

331 x×(2*p*q+i)=x(2*p*q+i)- 25*dd(2*p*q+i)*rnom(i)
c the -- 25 is the i nc:r-emer,t bet.,.een the inter-,olation data
:3:39 continue
C:- xlam=lambda(s)

0 c: ,Jpdate the alp-ha's- and r

do 410 i=l, .q
do 410 i=1,

410 alpha( i. .J)=al,-ha( i, J )+xlam*d ( i-1 )*P+i
convr. true.r do 420 i=l, n
if'(abs(xlam*dd(2*p*-.+i ). st. prec) ,on'-'r. fal se.

420 r-kthrm( i )=r-kthnm( i )+xlam*dd(2*.*q+i
if(oonvrg) go to 500)

C w..rite the Parameters as a Progress report
rite(6,*) "rank. of a : '.int(rs(4))

w ,rite(6, 455) it er, xlam
455 format( 10.t, 26hnormal i zed r at i terati on i:3. 2x.

& 8h( lambda=, e12. 5, 1h))
456 wrl te(6.457) (r.kthrrm(i i=1, n)
457 format(5x, 4e15. 5)



wr it e(6, AIV
go to 290

C at this Point the iteration has found a "feasible solution"
500 if ( itnext. eq. i ter) so to 9007

do 510 i=13 n
* 510 rkth( i)=rkthnm( i)*rnom( i)

calIl Jiacob( 1f. 1 di f, rdcth, a l pa, 1 dalI, sp no FP u, zpo'u 111, 1 dllI,
& v, 1 dv, a0. I daD, bO. 1 d b0. tm P, a&.)

call c xtorl(a, 1ida, i f, I di f, n. P. q)
do 515 i=,2*n*q
do 515 1l, n

* 515 a( i, 2*p*q+ij)=a(ji,2*p*q+i) *rnorn( J
call1 nul la (a, 1 daft 2*n*q, 2*p*q+n, anul 1, 1ida. ni dim, dd, tmp)

* testtesttesttesttesttesttesttesttesttesttesttesttesttesttesttesttest
call1 f inder(anull1 (2*p*q+1, , 1 lda, no nl dim.. rkthnm. naf. error. beta)

0 t-oompute anul l*beta and rut it in d
do 600 i=j,2*p*qi+n
dd ( i )=0.
do 600 i=i. nldim

600 dd( i )dd( i)+anujl1( i, i )*beta( i)

'Jo 610) JI.
do 610) i1., F

610 alpha( i,ij)=alpha( i,ij)+d( (i-i)*P+i)
convrs=. true.
do 620 i=1. n
i f(abs( dd(2*p*q+i)). 9t. Prec) cor,rs=. fal se.

620 rkthnm(i)=rkthnm(j)+dd(2*p*q+j)
i tnextiter+i
wri te(6, 630) i ter. beta( nldim+i)

0beta ni dim+1 ) corntai ns the best norm vor r
630) foarmat( 10:,'normalized r at iteration '. i3. 2x,

& 4null sFpace step: rrirm. - dO 4.-)1
i f (. noat. coanrgr) g0 aTo 456

ctesttesttesttesttesttesttesttesttesttesttesttesttesttesttesttesttest
C wsri te out final .valules
900 call se~ond(time2)

*.ri te(6. 923) 1 ter-1. time2-timei
923 format(./5:vw..i5, 2>:,lI16h iterations arid *e12. 6,14h sec re quji r-e d)

'.r ite ( 6, 925)
925 format( /5x,:36h~oarameter Valu'e:- at Sol uti on F'':'i nt

& 19h% detv. from nominral,1 7h % error in soal.
do 950 i=1, n

927 formrat( lOx. 2hr( . i2, 4h) =.eli. 4.. 18x. flO. 2, Six. fit) 2)
* 950 write( 6. 927) i. rkethnm( i )*rnom( I ), de's.( i
A~ 100.*rat )-thmI)*nm()).rcti

stop'

subrcouti ne ft nder( anul 1. 'a. n. ni dim. rkthnm. naf. err. beta)
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inrteger- neqi, ni di, n, 1 sr, i eq (:30) . i neil(30) . i:30
& jsv(0,irdex(:30)

real rkthnr( 1).. diff(30), rdiff(30), r-nijll(30. :30:). r*(30),
& bsa...'e( 30). ariul 1(1 'a, 1), beta( 1). i.wk( 2500)). r;( 4)

1 dr-30
* err, o'r- err

do: 30 i1l
:30 di ff( i )=1.-rkthn( i )

ci determri ne "'hi s:h Paramneters are already at nos:mi nal
* ii=O

doi 100I i=l.nr
i f(abs( di ff ( j) )1 e. errosr) then

i i=i i+l
jcql ( i i)=i

eradi f
100: ciorti flue
C.

n e qi =Ii

rgcsril=n,-neql
C: set ineql
1:30 i i=O

doi 150 i1 3 ri
di:' 140 j..,neql

*140 i f( i. eq. i eql(.j) go toi 150
6i ii=i i+

ineql( ii)=i
* 1.50 ciosrtinrue

i'r i t e( 6, * P-i-is,-i bie faul t'. ( ineli). .i)

cnnin i r: nn1id=n

c add a grOUP oif the P':ssi tlly. baid to: the gorsi-d ( nadd=rin~reql-naf)
na d d riceqlc-na f
if(rnadd. lt. 0) nadd=0)

160 call inrcrinrdex:. radd, ni:nicl, i ..jsst)
elz2z wt-i teC 6..* i ride:..::' i nde>x( i ),i=1, niadd)

i f1 (i j rb. e --. 0) g o: ts i 240

sic 170 i=11 riad
170 i ciiCnieiI+i )i neqli index:( i)

neqn req 1+nradd

r-di ff( i)=di ff( ieqi Ci

dci 180 J=I1, ni iiryi
1SO rnsijl ( , .) aniul 1 Cie-l i )

i nd= 1
rscocl s=1

I 1 ).
c2) l. c-5
(3: ( .

scal 11 11 b q f r.niu 1. 1 dr, nie-i n -s, n Id sim, rdli ff' 1 ir. rns 0. I nild i::.



63

& beta, ldr, iwk,wk, k)

c compute a trial value of r
do 19C) i=1, n
r( i )=rkthnm(i)
do 190 J1, nldim

190 r(i)=r(i)+anull(i..i)*beta(J)

o compute a Performance index to evaluate the fault combination
s um=O.
do 210 i=I, neqns
errxx=abs(r( ieql ( i ) )-1.
s um= s im+ errxx**2

210 corti nue
cnUnzz wri te(6 S lm:'" sum

sujmsum**. 5
Oxxx ,,.,r-i te(6. *)" i eql i eqil (i) i=1, neqns), sum: s ism

G' ' 0 vvVJUvvi-l .. IVv t). .J .V.J

" C:¢ re..iect a scolution with negative Parameters
do 215 i=1, r
if(r(i). lt. 0. ) go to 160

215 conti nue
Ovti.., .2t..I.. t . .vt. Jt , tl, ) .Jtt.J t)Jt).,

.- compare to all previous
if(sum. lt. sumold) then

sumol d=sum
do 220 i=1, neqns

220 isave(i ieql(i)
do 230 i=1 nldim

230 bsav.e(i)=beta(i)
endi f
go to 160

240 continue
do 250 i=1 idim

. 250 beta(i)=bsa.e( i)
beta( nl dim+1 ) =sumol d
retur n
end

r r~

subroutine i n.::r( index, ni, n, i .ib)

0i This subroutine increments the i nde::< ,ert:,r, index.
C The vector index should list the indices ,f n items taken ri at
C: a time.

c ,..ariable list

K index i npJt/OUtF'ut: The index vector

. ni inPut Order of index

C: n i nPut: Order' of full set.

- oi i rib i nPJt/cutput: Control onr. inut O=initiali-':e
' i¢ 1 = i n cr em er, t

6
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o Flag on output O=end

integer index(ni),ni,n,ijob

if((ni. eq. 0) and. (i job. eq. 0)) then
i job=i
return

else i f(ni. eq. 0). and. (i iob. eq. 1)) then
ij ob=O
return

else if(iiob. eq. 0) then
do 110 i=i, ni

110 index(i)=i
ij ob=l
return

else if (ni. eq. n) then
i- ob=O
return

else
index( ni )=index( ni )+1
do 130 i=ni,2,-1
if(index(i). gt. n-ni+i) then

index(i-1)=index( i-1)+1
index( i)=index( i-1)+1

endi f
130 continue

do 150 i=2, ni
150 if(index(i). gt. n-ni+i) index(i)=index(i-1)+1

if(index(I). gt. n-ni+l) iJob=O
return

endif
end

subroutine nulla( a 1da, nrows, nols,anull, Idnull. rl dim, s, ,.',

* c This subroutine c:ourrutes the nulls.-ace of the matr.i: . a.
o Initial ly the null sprace dimensi on is set to nc:,l s-nr.os
C".'J if this is positiive or zero otherwise. The routine then
o checks the singular- values. The nullspace dimension is
ell incremented for every singular value ".hi:h is too small1
c relative to the largest( first).
c

0 variable list
o

O a input: matrix for- whic .h nulIspace is desired
o a is destroyed
C

. 0 lda input- rot, dimension of a

c, nr ow s i nrput number of rot s i n a
i~l C

a."--.- a--



. nool s i nput: number of columns in a

" anulI output: the columns of v sran nullEaJ
c
c idnull input: row dimension of v
c
. nidim output: dimension of nullaJ

o s work: work array of dimension min(nrows, ncols)
" containing -the singular values
c

w wk wor k: work array of dimension 2*max( nrows. nools)

_ integer Ida, Idnull, nrows, nools, nldim
r ea l a(lda..1),anuli(ldnuil, 11, s(1),,w k(1)

.al 1 1 svdf( a, 1 da, nrows, nool s, b 0, 0, s, w.k, i er)
nl dim=nocol s-nro,.ws
if(nldim. it. 0) nldim=O

- do 10 i=, mi nO( nrow~is, nool s)
10 if(s(i). le. I. e-5*s(1)) r, ldim=nldim+l

do 20 i=1, rools
do 20 J=1, nldim

20 anulI(i, j)=a(i, ncols-nldim+j)
return
end

The following subroutine listed in Appendix A are also re.-ijired
quadf

o:tor
normsq
lambda
second

"4
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